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PREFACE 


The  subject  of  aerothermodynamics  is  playing  an  ever  increasingly  critical  role  in  a 
variety  of  important  industrial  and  technical  problems  in  the  design  of  combustors.  In 
recent  years,  it  has  become  the  focus  of  attention  among  investigations  from  research 
laboratories  and  industries  around  the  world  resulting  in  a  large  number  of  meetings  on  its 
various  aspects  every  year.  However,  most  of  these  meetings  deal  with  a  certain  problem 
area,  for  instance  that  of  the  global  combustion  of  fuel  droplets  in  a  flow.  Because  of  the 
inherent  complexities  involved  in  such  flows,  the  analytical  effort  has  been  mostly  confined 
to  over-simplified  and  over-idealized  flow  systems  while  the  experimental  effort  has  been 
mostly  directed  towards  global  measurements  of  flows  found  in  industrial  applications.  The 
eminent  need  for  a  comprehensive  review  of  the  subject  matter  from  an  overall  point  of 
view  over  much  of  the  whole  field  seems  belatedly  in  order. 

With  the  rapid  and  phenomenal  developments  of  key  research  tools  mostly  in  the  last 
two  decades,  in  particular  those  of  modern  digital  computers,  laser  optics,  and  electronics, 
many  of  the  previously  unthinkable,  rigorous  investigations  in  real-life  flows  have  gradually 
become  feasible.  It  is  against  this  background  that  this  international  conference  on  the 
aerothermodynamics  in  combustors  is  being  held  at  this  point  in  time. 

This  International  Symposium  involves  the  presentation  of  papers  concerned  with 
Flow  and  Thermodynamic  Characteristics  of  Combustors,  with  emphasis  on  gas-turbine 
combustors  and  including  information  relevant  to  rocket  motors,  internal  combustion  en¬ 
gines  and  furnaces.  It  is  expected  to  involve  descriptions  of  experimental  and  numeri¬ 
cal  work  which  has  been  performed  to  aid  understanding  of  physical  processes  including 
chemical  kinetics,  turbulent  mixing,  droplet  dispersion,  coalescence  and  evaporation,  scalar 
transport,  premixed  and  non-premixed  combustion  and  radiation. 

The  area  of  the  Pacific  Basin  is  rapidly  becoming  one  of  the  economic,  scientific 
and  technological  centers  of  the  world.  This  area  meets  successfully  the  changes  in  two  key 
elements:  the  drastically  diminishing  cost  of  computer  memory  units  and  a  fundamental 
renewal  of  production  processes.  The  Republic  of  China  on  Taiwan  is  a  small  country  in 
area  (the  size  of  the  Netherlands)  with  a  sizable  population  (20  million),  making  it  one 
of  the  most  densely  populated  areas  in  the  world  at  550  persons  per  square  kilometer. 
It  has  practically  no  natural  resources  but  abundant  educated  manpower  as  a  result  of 
the  centuries*  old  Chinese  tradition  of  deep  respect  for  education.  It  is  this  abundance  of 
trained  manpower,  in  particular  in  science  and  engineering,  that  has  contributed  in  a  major 
way  to  the  country’s  rapid  economic  development  making  it  a  generally  regarded  shining 
example  for  the  developing  countries  in  the  world.  The  per  capita  income  has  risen  sharply 
from  a  mere  US$60  in  the  early  1950s  to  the  current  level  of  about  US$8,000 — a  rise  of 
over  ten  thousand  percent  in  a  little  over  30  years. 


In  face  of  the  expected  challenges  of  the  19906,  efforts  are  being  made  to  restrain 
the  growth  of  energy-intensive  industries  and  spur  the  development  of  technology-intensive 
industries.  Production  technology  and  management  will  be  upgraded  to  offset  rising  la¬ 
bor  costs,  while  labor-intensive  industries  will  be  encouraged  to  automate  their  production 
processes  and  to  develop  more  modern  and  efficient  managerial  skills.  In  the  meantime, 
in  order  to  provide  the  highly  trained  manpower  needed  for  this  restructuring  of  industry, 
institutions  of  higher  education  will  place  even  greater  emphasis  on  science  and  engineer¬ 
ing.  The  Institute  of  Applied  Mechanics  of  National  Taiwan  University,  one  the  national 
centers  of  excellence  in  engineering,  is  proud  to  be  the  host  of  his  important  international 
conference. 
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SYMPOSIUM  TOPICS 

The  following  topics  have  been  chosen  for  the  various  sessions  of  the  symposium: 

•  Calculations  of  combusting  flows 

•  Experiments  with  combustion 

•  Instrumentation 

•  Cold-flow  simulation 

•  Gas-turbine  combustion 

•  Unsteady  combustion 

•  Non-reacting  two-phase  flows 

•  Reacting  two-phase  flows 

•  Miscellaneous  topics 

SPONSORING  AND  SUPPORTING  ORGANIZATIONS: 

The  symposium  is  sponsored  and  supported  by  the  following  organizations: 

•  International  Union  of  Theoretical  and  Applied  Mechanics 

•  National  Science  Council,  Republic  of  China 

•  Ministry  of  Education,  Republic  of  China 

•  Society  of  Theoretical  and  Applied  Mechanics,  Republic  of  China 

•  Chinese  Society  of  Mechanical  Engineers,  Republic  of  China 

•  Chinese  Society  of  Engineers,  Republic  of  China 

•  Chinese  Society  of  Chemical  Engineers,  Republic  of  China 

•  Chinese  Society  of  Aeronautics  and  Astronautics,  Republic  of  China 

•  National  Taiwan  University,  Republic  of  China 

•  U.  S.  Army  Research  European  Office 


For  any  further  information,  please  contact: 
Prof.  Richard  S.  L.  Lee 
Institute  of  Applied  Mechanics 
National  Taiwan  University 
Taipei  10764,  Taiwan 
REPUBLIC  OF  CHINA 
TEL:  [886l-(2)-363-0979 
FAX:  (886]-(2)-363-92g0 
BITNET  NO.:  NTUIAMCTWNMOEIO 


SYMPOSIUM  SCIENTIFIC  COMMITTEE: 

Chairman:  Prof.  R.  S.  L.  Lee,  National  Taiwan  University,  l^ipei,  Taiwan,  Republic  of 
China. 

Secretary:  Prof.  J.  H.  Whitetaw,  Imperial  College  of  Science,  Technology  and  Medicine, 
London,  U.  K. 

Prof.  M.  Barrere,  ONERA,  P.  O.  Box  72,  F-92322  Chatilion  sous  Bagneux,  France. 

Prof.  D.  Bradley,  Dept,  of  Mechanical  Engineering,  University  of  Leeds,  LS29JT,  U.K. 
Prof.  G.  Chernyi,  Institute  of  Mechanics,  Moscow  University,  Mos-cow  117192,  U.  S.  S.  R. 
Prof.  F.  Durst,  Friedrich-Alexander-Universitat  Eriangen-Nunberg,  Erlangen,  Federal  Re¬ 
public  of  Germany. 

Prof.  G.  J.  Hwang,  National  Tsing  Hua  University,  Hsinchu,  Taiwan,  Republic  of  China. 
Prof.  K.  K.  Kuo,  Pennsylvania  State  University,  University  Park,  PA  16802,  U.  S.  A. 

Prof.  A.  H.  Lefebvre,  Purdue  University,  West  Lafayette,  Indiana  47906,  U.  S.  A. 

Prof.  Y.  Mizutani,  Osaka  University,  Osaka,  565  Japan. 

Prof.  N.  Peters,  RWTH  Aachen,  Tempergraben  55,  D-SIOO  Aachen,  Federal  Republic  of 
Germany. 

LOCAL  ARRANGEMENTS  COMMITTEE; 

Chairman:  Prof.  H.  H.  Chiu,  National  Cheng  Kung  University,  Tainan. 

Prof.  K.  C.  Chang,  National  Cheng-Kung  University,  Tainan. 

Prof.  C.'H.  Chen,  National  Chiao  Tung  University,  Hsinchu. 

Prof.  S.-F.  Chou,  Prof.  H.  J.  Sheen,  Prof.  T.  S.  Wung,  National  Taiwan  University,  Taipei. 
Prof.  J.-J.  Hwang,  National  Sun  Yat-sen  University,  Kaohsiung. 

Dr.  W.-B.  Lee,  Power  Research  Institute,  Taipei. 

Dr.  C.-K.  Lin,  Aero-Industrial  Development  Center,  Taichung. 

Prof.  T.  M.  Liou,  Chung  Hua  Institute  of  Technology,  Tsinchu. 

Dr.  B.  Y.-P.  Su,  Chung  Shan  Institute  of  Science  and  Technology,  Lungtain. 

Prof.  J.-T.  Yang,  National  Tsing  Hua  University,  Hsinchu. 

Dr.  S.-C.  Yang,  Industrial  Technology  Research  Institute,  Hsinchu. 


TECHNICAL  PROGRAM  AND  CONTENTS 

Sunday,  June  2,  1991 
18:30-21:00  Registration  and  Reception 
Monday,  June  3,  1991 

8:00-9:00  Registration. 

9:00-9:30  Introductory  Remarks. 

o  Prof.  Richard  S.L.  Lee.  Symposium  Chairman.  R.O.C. 
o  Prof. C. Sun.  President.  National  Taiwan  University.  R.O.C. 
o  prof.  K.  Z.  Li.  Chairman.  Society  of  Theoretical  and  Applied  Mechanics  of  Re¬ 
public  of  China.  R.O.C. 


9:30-11:10  Session  I:  Calculations  of  Combusting  Flows.  page 

Chairman:  Prof.  N.  Peters.  RWTH  Aachen.  F.R.G. 

Co-Chairman:  Prof. K.C. Chang.  National  Cheng-Kung  Univ..  R.O.C. 

(1)  Combustor  Modeling  Using  a  Flame  Sheet  Model.  8 

M.-C. Lai.  T.-H.Chue  and  W.K. Cheng.  Wayne  State  Univ..  U.S.A. 

(2)  A  Unified  Model  of  Mean  Reaction  Rate  in  INirbulent  Premixed  Flames  1 1 

M. Katsuki.  Y.Mizutani.  T.Yoshida  and  T.  Yasuda.  Osaka  Univ..  Japan. 

(3)  The  Influence  of  Upstream  Prevaporization  on  Flame  Extinction  of  One-  14 
Dimensional  Dilute  Sprays. 

C. -C.Liu  and  T.-H.Lin.  National  Cheng-Kung  Univ..  R.O.C. 

(4)  Numerical  Study  of  a  Swirling  Turbulent  Diffusion  Flame.  18 

D. Garr^ton  and  L.Vervisch.  Electricity  de  France.  France. 

(5)  A  Reaction  Mechanism  for  Soot  Formation  in  Non-Premixed  Flames  21 

R.P.  Lindstedt.  Imperial  College.  U.K. 

11:10-11:30  Coffee  Break 

11:30-13:00  Session  II:  Experiments  with  Combustion  (A). 

Chairman:  Prof. F.  Weinberg.  Imperial  Collage.  U.K. 

Co-Chairman:  Dr.W.-B.Lee.  Power  Research  Institute.  R.O.C. 


(1)  IVansition  of  IXirbulent  Premixed  Flame  Structure  with  lYirbulent  Reynolds  24 
Number  and  Damkohler  Number 

A.  Yoshida.  Y.Ando.  M.  Narisawa  and  H.Tsuji.  Tokyo  Denki  Univ..  Japan. 

(2)  Blue  Flame  Combustion  in  a  Jet-Mixing-Type  Spray  Combustor.  27 

H.Hiroyasu.  M.Arai.  K.Nakamori  and  S.Nakaso.  Univ.  of  Hiroshima.  Japan. 

(3)  High  Speed  Hydrogen  Combustion  Phenomena.  30 

M.Haibel.  F.Mayinger  and  G.Strube.  Technical  Univ.  of  Munich.  F.R.G. 

(4)  Composition  Effect  on  Interferometric  Temperature  Measurement  33 

C.C.Chen.  K.C. Chang  and  S.M.Tieng.  National  Cheng-Kung  Univ..  R.O.C. 

(5)  An  Experimental  and  Numerical  Study  of  Complex  Flow  in  Three-Dimensional  36 
Swirling  Combustors. 

W.Liu.  C.Yan.  M.Tang  and  H.Wang.  Northwestern  Polytechnical  Univ..  P.  R.C. 


13:00-14:00  Lunch  Break 


I 


14:00-15:00  INVITED  LECTURE  I 

Chairman:  Prof.  Richard  S.L.Lee.  National  Taiwan  Univ..  R.O.C. 

o  Advanced  Laser  Diagnostics:  Implications  of  Recent  Results  for  Advanced  5 
Combustor  Models. 

R.Bilger.  Univ.  of  Sydney.  Australia. 

15:00-16:40  Session  ED:  Experiments  with  Combustion  (B). 

Chairman:  Prof.  Y.  Mizutani.  Osaka  Univ..  Japan. 

Co-Chairman:  Dr.B.  Y.-P.Su,  Chung  Shan  Institute  of  Science  and  Technology. 
ROC. 

(1)  A  Perfectly-Stirred-Reactor  Description  of  'I\irbulent  Methane- Air  Non-  39 
premixed  Flames. 

J.-Y.Chen  and  R.W.  Dibble.  Sandia  National  Lab..  U.S.A. 

(2)  Experimental  Investigation  of  a  Combustion  Zone  Behind  a  Wedge.  42 

P.BIazart.  S.Duplantier.  M.Champion.  B.Deshaies  and  P.Bruel.  E.  N.  S.  M.  A.. 
France. 

(3)  The  Influence  of  Swirl  Generator  Characteristics  on  Flow  and  Combustion  in  45 
Turbulent  Diffusion  Flames. 

B. Mundus  and  H.Kremer.  Gaswarmc-lnstitut.  F.R.G. 

(4)  Natural  Gas  Free  Jet  Flames  from  a  New  Helical  Swirl  Burner.  48 

U.S.  P.Shet.  S.  Hoffmann.  P.  Jansohn.  B.  Lenze  and  W.  Leuckel.  Univ.  Karlsrule, 

F.R.G. 

(5)  Laser  Velocity  and  Sensitivity  Measurements  of  Flat  Counter  Flow  Difl'usion  50 
Flame. 

J.C.Rolon.  V.  Veynante.  J.P.  Martin,  G.  Jakob.  E.  Domberger  and  F.  Durst.  Univ. 
Erlangen-Niirnberg.  F.R.G. 

16:40-17:00  Coffee  Break 

17:00-18:00  Session  IV:  Instrumentation. 

Chairman:  Prof.  F.  Durst.  Universitat  Erlangen-Niinberg.  F.R.G. 

Co-Chairman:  Prof.T.M. Liou.  Chung  Hua  Institute  of  Technology.  R.O.C. 

(1)  Two-Dimensional  Laser  Techniques  for  Combustion  Research.  53 

A.  Leipertz.  K.-U.  Miinch.  G  Kowalewski  and  S.  Kampmann.  Univ.  Erlangen- 
Niirnberg.  F.R.G. 

(2)  Flame  Diagnostics  by  Pure  Rotational  CARS.  55 

A.  Leipertz.  E.Magens.  T.Seeger.  B.Hirschmann  and  H.  Spiegel.  Univ.  Erlangen- 
Niirnberg.  F.R.G. 

(3)  Thermometry  Inside  a  Swirling  Turbulent  Flame:  CARS  Advantages  and  58 
Limitations. 

C. Cahen.  P.  Bellai'che  and  D.Garr^ton.  Electricity  de  France.  France 
Tuesday,  June  4,  1991 

8:30-10:10  Session  V:  Cold-Flow  Simulations. 

Chairman:  Prof.  G.  J.  Hwang.  National  Tsing  Hua  Univ..  R.O.C. 

Co-Chairman:  Prof. C.-H. Chen.  National  Chiao  Tung  Univ..  R.O.C. 

(1)  Blending  in  Industrial  Processes  to  Reduce  Pollutant  Emissions.  61 

B. KIockeand  H.Kremer.  Gaswarme-lnstitut.  F.R.G. 


VI 


(2)  The  T\irbulence  and  Mixing  Characteristics  of  the  Complex  Plow  Field  in  a  64 
Simulated  Augmentor. 

Y.C.Chao.  J.  H.Leu  and  T.H.Yang.  National  Cheng-Kung  Univ..  R.O.C. 

(3)  Enhancement  of  T\irbulent  Mixing  in  a  Confined  Square  Side-Dump  Combus-  67 
tor  Model. 

D.-J.Sun  and  J.-J.Miau.  National  Cheng-Kung  Univ.,  R.O.C. 

(4)  Flow  Structure  of  Swirling  Flow  Interfering  with  Cross  Flows.  70 

Y.lkeda.  S.Hosokawa  and  T.Nakajima.  Kobe  Univ.,  Japan. 

(5)  Numerical  Computation  of  the  Flowfield  Distribution  of  a  Gas  Turbine  Com-  73 
bustor. 

Y.Yu  and  B.-Q.  Zhang.  Beijing  Univ.  of  Aeronautics  and  Astronautics.  P.  R.C. 

(6)  Investigation  of  the  Atomization  of  a  Fuel/ Air  Injector  75 

B.-Q. Zhang.  Beijing  Univ.  of  Aeronautics  and  Astronautics.  P.  R.C. 

10:10-10:30  Coffee  Break 

10:30-12:50  Session  VI:  Gas-Turbine  Combustion. 

Chairman:  Dr.  W.P.  Jones.  Imperial  College.  U.K. 

Co-Chairman:  Dr.C.-K.Lin.  Aero-Industrial  Development  Center.  R.O.C. 


(1)  Scalar  Characteristics  in  a  Liquid- Fuelled  Combustor  with  a  Curved  Exit  77 
Nozzle. 

S. K.Chow  and  J.H.Whitelaw.  Imperial  College.  U.K. 

(2)  Structure  of  the  Primary  Region  of  a  Model  Gas  Turbine  Combustor  80 

S  Nakamura.  K.Hyodo  and  O.  Kawaguchi.  NKK  Corp..  Japan. 

(3)  Development  of  Gas  T\irbine  Combustors  for  Low  BTU  Gas.  83 

I.Fukue.  S.Mandai  and  M.lnada.  Mitsubishi  Heavy  Industries.  Ltd..  Japan. 

(4)  Measurements  of  Gas  Composition  and  Temperature  Inside  a  Can  Type  Model  86 
Combustor. 

W.P. Jones  and  A.Tober.  Imperial  College.  U.K. 

(5)  Numerical  Model  for  Predictions  of  Reverse  Flow  Combustor  Aerothermal  89 
Characteristics. 

P.  Di  Martino.  E.Narciso  and  G. Cinque,  Alfa  Romeo  Avio  S.p.A.,  Italy. 

(6)  Computational  Analysis  of  the  Three-Dimensional  Steady  and  IVansient  93 
SSME  Fuel  Preburner  Combustor. 

T. -S.Wang.  NASA  Marshall  Space  Flight  Center.  U.S.A. 


(7)  Velocity  Measurements  of  Non-Reacting  and  Reacting  Flows  in  a  Research  96 
Combustor. 

T.  H.  Chen.  M.  E.  Post.  L.  P.  Goss.  D.  D.  Trump.  B.  Sarki.  L.  Brainard  and 
W. M. Roquemore.  Systems  Research  Lab..  Inc..  U.S.A. 

12:50-13:30  Lunch  Break 


VII 


Wednesday,  June  5,  1991 

8:30-10:00  Session  VII:  Unsteady  Combustion. 

Chairman:  Prof.  R.  Bilger,  Univ.  of  Sydney.  Australia. 

Co-Chairman:  Prof.  J.-J.  Hwang.  National  Sun  Yat-sen  Univ..  R.O.C. 

(1)  On  The  Generation  of  Noise  in  Axisymmetric  Combustors.  99 

E.C.  Fernandes  and  M.V.  Heitor.  Technical  Univ.  of  Lisbon.  Portugal. 

(2)  Knowledge-Based  Control  of  Oscillations  in  Ducted  Premixed  Flames.  103 

E.  Hendricks.  S.  Sivasegaram  and  J.  H.  Whitelaw.  Naval  Ocean  System  Center, 

USA. 

(3)  Dispersion  and  Self-ignition  Characteristics  of  Boronorganic  Compounds  Be-  106 
hind  Shock  Waves. 

B.E.Gelfand.  S.  A.Tsyganov.  V.G.SIutskii  and  E.S.Severin.  USSR  Academy  of 
Sciences.  U.S.S.R. 

(4)  Catalytic  Ignition  Model  in  a  Monolithic  Reactor  With  In-Depth  Reaction.  107 
T.C.Tien  and  J.S.T'ien.  Case  Western  Reserve  Univ..  U.S.A. 

(5)  Combustion  of  Heavy  Fuel  Oils  in  a  Rijke  Type  Pulse  Combustor  with  a  110 
Tangential  Injection  Stream. 

T.  Bai.  S.  Shani.  B.  R.  Daniel  and  B.  T.  Zinn.  Georgia  Institute  of  Technology. 

USA. 

(6)  Ignition  IVansient  Study  of  Segmented  Solid  Rocket  Motors  112 

J.-M.Char.  National  Cheng-Kung  Univ.,  R.O.C. 

10:00-10:20  Coffee  Break 

10:20-12:00  Session  VIII:  Non-Reaeting  Two-Phase  Flows. 

Chairman:  Prof.M.V.  Heitor.  Technical  Univ.  of  Lisbon,  Portugal. 

Co-Chairman:  Prof. S.-F. Chou.  National  Taiwan  Univ..  R.O.C. 

(1)  Effects  of  Particle  Loading  on  the  Transition  of  a  Plane  Mixing  Layer.  115 

M  R.  Wang  and  Y.C.Liu,  National  Cheng-Kung  Univ..  R.O.C. 

(2)  A  Combined  Elliptic- Parabolic  Solution  Procedure  for  Analysis  of  Particle-  119 
Laden  Jets. 

W.J.Wu  and  K.C. Chang.  National  Cheng-Kung  Univ..  R.O.C. 

(3)  Study  on  Dynamic  Characteristics  of  a  Hollow  Cone  Spray  Jet.  123 

M.R.Wang  and  C.H.Hong.  National  Cheng-Kung  Univ..  R.O.C. 

(4)  Droplet  Vaporization  Law  in  Non-Dilute  Sprays.  127 

H.H.Chiu.  National  Cheng-Kung  Univ..  R.O.C. 

(5)  Spray  with  Annular  Air  Flow  in  Bluff-Body  Combustor  130 

H.J. Sheen  and  S.J.Yen.  National  Taiwan  Univ..  R.O.C. 

12:00-13:00  Lunch  Break 

13:0-14:00  INVITED  LECTURE  U 

Chairman:  Prof.  J.  H.  Whitelaw.  Imperial  College.  U.  K. 

o  Combustion  Research  for  the  21st  Century — Some  Speculative  Extrapola-  6 
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INTRODUCTION 

In  association  with  coUe^ues  at  Sandia  National 
Laboratories,  Livermore,  California,  USA  the 
combustion  group  at  the  University  of  Sydney  has 
carried  out  a  series  of  campaigns  using  the  advanced 
laser  diagnostics  at  Sandia  in  turbulent  flames 
designed  to  have  finite  kinetic  rates  of  the  same  order 
as  the  turbulent  mixing  rates.  Masri  et  al  [1]  used 
laser  Rayleigh  scattering  (LRS)  and  spontaneous 
Raman  scattering  (SRS)  to  make  measurements  of 
temperature  and  concentrations  of  CH4,  Oj,  COj, 
HjO,  CO  and  Hj  in  piloted-diffusion  flames  of 
methane  near  extinction.  These  measurements  showed 
a  strongly  bimodal  structure  for  the  reactedness  of 
species  and  temperature  in  stoichiometric  and  lean 
mixtures.  On  the  other  hand,  flames  with  CO/Hj/Nj 
mixtures  as  fuel  12,3]  show  this  bimodatity  to  a  much 
lesser  extent.  These  findings  have  given  rise  to 
questions  of  whether  the  bimodality  (which  is 
commonly  found  in  premixed  flames)  is  associated 
with  fluid  dynamic  aspects  of  the  flame  or  with 
chemical  kinetic  effects.  The  stoichiometric  mixture 
fraction,  is  small  (0.055)  for  undiluted  methane/air 
and  higher  (~0.3)  for  CO/Hj/Nj  mixtures  so  that  the 
stoichiometric  isopleth  surface  for  the  latter  will  lie 
much  more  in  the  centre  of  the  layer  and  seldom  in  the 
tiirbulent/non-turbulent  superlayer.  Measurements  in 
flames  using  N7-  and  air-diluted  methane  as  fuel 
showed  (4)  bimodality  that  is  much  less  pronounced 
than  for  undiluted  methane,  but  is  more  pronounced 
than  for  CO/Hj/Nj  mixtures.  The  later  results  (3,41 
include  measurement  of  OH  by  laser  induced 
fluorescence  (LIF). 

Two-dimensional  (2D)  imaging  of  flame  chemi¬ 
luminescence  and  imaging  of  planar  Rayleigh 
scattering  (PLRS)  and  laser  induced  fluorescence 
(PLIF)  of  CH  and  OH  have  also  been  carried  out  (5,61 
to  give  some  elucidation  of  the  spatial  structure  01 
these  flames.  For  undiluted  methane,  reaction  zones 
are  flamelet-like  and  local  extinctions  in  the  flame 
sheet  occur.  For  fuels  with  higher  values  of  fj, 
reacting  and  extinguished  zones  appear  to  be 
associated  with  the  large  eddy  structures  that  are  in 
the  flow.  In  these  latter  flames  and  in  the  downstream 
regions  of  air-diluted  methane  flames,  zones  of  OH  are 
broad  compared  with  the  fine  scales  of  the  turbulence 
but  the  CH  appears  in  narrow,  highly  contorted 
sheet-like  structures. 

This  quest  for  the  elucidation  of  flame  structure 
has  been  given  new  impetus  and  direction  by  the 
development  of  a  new  conditionid  moment 


approach  [7]  to  the  analysis  and  modelling  of  turbulent 
reacting  flow.  This  powerful  new  approach  is 
considered  to  have  great  potential  for  analysing 
chemical  kinetic  effects  in  combustors  and  turbulent 
flames.  As  this  work  has  only  recently  been  submitted 
for  publication  it  is  appropriate  to  review  it  briefly 
before  discussing  the  implications  of  the  laser 
diagnostic  results  for  modelling. 

CONDITIONAL  MOMENTS 

Figure  1  shows  scatter  plots  of  temperature  and 
OH  mass  fraction  in  a  piloted  diffusion  flame  of 
methanol  (8)  at  x/Dj  =  20  and  uj  =  66  m/s  where  Ui 
and  Dj  are  the  velocity  and  diameter  of  the  methanol 
vapour  jet.  The  data  points  are  for  data  at  all  three 
radii,  i/Dj  =  I.l,  1.4  and  1.7.  The  full  curves  are  for  a 
laminar  counterflow  diffusion  flame  calculation  using 
Smooke’s  code  J9)  and  for  a  strain  rate  parameter 
a  =  5  s'l.  At  this  jet  velocity  the  flame  is  far  from 
extinguishment  and  the  data  at  any  given  mixture 
fraction  ate  grouped  over  a  narrow  range  about  the 

conditional  means  Q_,  Q-„  where 
r  UH 

Qj(n.x)  =  <  T(x,t)U(x,t)  =  7?  >  ,  (1) 

Qi('7.?)  =  <  Yi(x,t)|^(x,t)  =  7)>  .  (2) 

Here  ^(x,t)  is  the  mixture  fraction  at  the  spatial  point 
X,  at  the  time  t,  Yj  is  the  mass  fraction  of  species  i,  rj 
is  a  sample  space  variable  corresponding  to  and  the 
angle  brackets  and  the  vertical  bar  denote  averaging 
conditional  on  the  conditions  to  the  right  of  the  bar,  it 
here  being  assumed  that  the  flow  is  statistically 
stationary.  More  general  definitions  of  conditional 
moments  are  given  in  Bilger  (7)  including  those 
suitable  for  density— weighted  averaging.  Conditional 
higher  moments  such  as  the  variance  may  be  defined 
in  a  similar  manner  and  even  conditional  probability 
density  functions  (1). 

Figure  2  shows  the  conditional  averages  Q.j, 

for  the  data  of  Fig.  1  separated  out  for  the  three  radii 
at  which  it  was  taken.  It  is  seen  that  the  data  of 
Fig.  1  does,  in  general,  lie  close  to  these  conditional 
means,  and  the  conditional  means  are  not  a  strong 
function  of  radial  position  in  the  flame.  These  two 
observations  lie  at  the  basis  for  the  conditional 
moment  closure  method  proposed  for  this  type  of  flow. 
Of  course,  piloted  turbulent  diffusion  flames  which  are 
close  to  extinction  show  much  larger  variance  about 
the  conditional  mean.  A  doubly  conditional  moment 
closure  is  proposed  for  such  flames. 
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CONDITIONAL  MOMENT  CLOSURE 

Bilger  (7j  derives  equations  for  the  variation  of 
Qt  defined  as  in  Eqn  (1)  and  defined  as  in  Eqn  (1) 

but  for  the  standardized  enthalpy  H.  The  derived 
equations  involve  several  terms  which  are  difficult  to 
evaluate  at  this  stage,  but  which  are  hypothesized  to 
be  negligible.  Furthermore,  the  assumption  of 
negligible  variation  of  Qi  with  radius  yields 

=  <wi|  »;>  + 

(3) 

where  p  is  the  mass  density,  u  the  velocity  component 
in  the  x  (streamwise)  cartesian  coordinate  direction, 
Wj  the  net  mass  rate  of  formation  of  species  i  per  unit 
volume,  X  fhe  instantaneous  scalar  dissipation 

X--23l^-U,  (4) 

31  the  species  diffusivity  associated  with  and  31  i 
the  diffusivity  of  species  i.  The  equation  for  the 
standardized  enthalpy  conditional  moment  has  no 

chemical  source  term  but,  instead,  a  radiation  loss 
term.  Methods  for  evaluating  the  conditional  mass 
flux  <pu|»;>  and  scalar  dissipation  <px\v>  are 
given  [71. 
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Fig.  1  Laser  Raman/Rayleigh/fluorescenoe  measure¬ 
ments  in  a  piloted  diffusion  flame  of  methanol  |8]. 


Closure  of  the  set  of  Eqns  ^3)  for  all  the  spedies  i 
requires  evaluation  of  the  conditional  average  reaction 
rate  <Wi|^>.  It  is  proposed  that  this  be  done  using 
the  conditional  averages  Qi  in  the  usual  rate 
expressions  together  with  a  representative  conditional 
temperature  T  deduced  from  Qi  and  Q  .  The  errors 

Tf  H 

involved  will_be  much  less  than  using  the  conventional 
mean  values  Yt  and  T  in  determining  the  conventional 
mean  reaction  rate  w.  From  Figs.  1  and  2  it  can  be 
seen  that  most  of  the  variation  of  T  and  can  be 

associated  with  variation  in  the  mixture  fraction. 

Equations  (3)  together  with  appropriate 
boundary  conditions  [7]  represent  a  set  of  parabolic 
partial  differential  euuations  in  x,  q  space  and  as  such 
are  relatively  straight  forward  to  solve.  A  similar 
transformation  may  be  made  for  laminar  flames  [10] 
and  an  analogous  form  has  been  obtained  for  transient 
flamclets  [11  j!  Solutions  will  be  different  from  those  of 
the  counterflow  diffusion  flame  due  to  the  term  on  the 
LHS  of  Eqn  (3),  particularly  in  the  near  nozzle  region 
of  the  Qame  where  axial  variations  have  been 
obtained.  At  this  stage  codes  are  being  written  for 
solution  of  Eqn  (3)  for  turbulent  jet  diffusion  flames 
and  solutions  are  yet  to  be  obtained.  It  is  expected 
that  predictions  will  be  close  to  the  conditional 
averages  shown  in  Fig.  2.  Solutions  have  been 
obtained  for  the  case  of  an  isothermal  reacting  scalar 
mixing  layer  [7],  and  agree  quite  well  with 
measurements  [12]. 


MIXTURE  FRACTION 
Fig.  2  Conditional  averages  of  temperature  and 
of  OR  mass  fraction  for  data  of  Fig.  1  separated 
for  the  three  radii;  t/D|  =<  1.1  A,  1.4  a,  1.7  o. 
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In  the  methanol  flame  the  stoichiometric  value  of 
the  mixture  fraction,  =  0.13,  and  the  reaction  zone 
is  not  in  the  flamelet  regime  [13]  since  the  width  of  the 
reaction  zone  in  mixture  baction  terms,  A^r  ~  0.16  is 
much  larger  than  the  KolmogoroS  scalar  scale  a 

1.4$' Re~^  ~  0.06.  Here  Ret  is  the  turbulence  Reynolds 

number,  which  for  this  flame  is  of  order  10>,  and  $'  is 
the  rms  mixture  baction  fluctuation,  which,  in  the 
shear  layer  near  the  nozzle  is  about  0.25.  The 
conditional  moment  method,  as  in  Eqn  (3)  for  the  first 
moment,  does  not  distinguish  between  flamelet  or 
turbulent  reaction  zones.  This  explains  why  data  in 
the  form  of  Fig.  1  has  the  same  appearance  at  low 
values  of  jet  velocity  (low  compart  with  those  for 
extinction)  whether  the  reaction  zone  is  flamelet  like 
or  turbulent.  The  structure  of  the  reaction  zone  will, 
however,  enter  into  the  equation  for  the  conditional 
variance,  as  is  discussed  later. 

Closer  to  extinction,  the  conditional  variance  of 
the  data  becomes  large  and  the  conditional  data  are 
sometimes  distributed  bimodally  |1].  Here  the 
conditional  moment  closure  outlined  above  becomes 
inadequate  and  a  doubly  conditional  moment  approach 
becomes  necessary.  Baore  considering  this,  however, 
we  can  note  in  passing  that  the  method  of  Eqn  (3) 
using  singly  conditional  moments  will  be  very  useful 
for  predicting  pollutants  such  as  NO,  CO  and  even 
soot  in  turbulent  flames  and  combustors. 

DOUBLY  CONDITIONAL  MOMENTS 

Figure  3  shows  conditional  scatter  plots  of 
species  mass  fractions  and  temperature  in  a  piloted 
turbulent  diffusion  flame  of  air-diluted  methane.  The 
data  shown  are  for  that  fraction  of  the  total  data 
which  lies  close  to  stoichiometric.  It  is  apparent  that 
there  would  be  a  large  scatter  of  the  data  about  the 
singly  conditional  mean  values  and  the  closure  of 
Eqn  (3)  will  not  be  satisfactory.  It  is  seen,  however, 
that  the  data  for  the  ma»r  species,  CH^,  0],  HrO  and 
CO]  lie  close  to  a  mean  line  that  could  be  drawn  as  a 
function  of  temperature.  This  line  would  be  that 
through  the  doubly  conditional  averages 

Qi(vX,x}  =  <  Yi(x,t)|$(x,t)  =  q,  c(x,t)  =  C  > 

(5) 

where  c  is  a  reaction  progress  variable ,  such  as 
temperature  is  in  the  present  case,  and  $  is  its 
associated  sample-space  variable.  The  correlation  for 
CO,  H]  and  OH  is  not  quite  so  good  but  this  may  be 
due  to  experimental  error  (7). 

An  equation  is  derived  [7]  for  the  doubly 
conditional  averages,  Qi(q,$,x),  which  for  statistically 
stationary  flow,  bwomes,  after  neglecting  terms 
hypothesized  to  be  small, 

<  >  |^=  <  wih.C  >  +  <  wcl»7,<  > 

+  <p^Vc-Vclv,(>§^ 

+  <22p^V$.Vch,<>^.  (6) 

Here  it  if  assumed,  again,  that  only  variations  in  the 
direction  of  the  streamwise  coordinate,  x,  ate 
signiGcant.  Closure  for  the  conditions  average 
reaction  rates  <  wi|q,$  >  and  <  Wc|q,<  >  is  made  at 


the  order  of  Qi(q,C,x)  neglecting  higher  order  terms. 
The  modelling  of  the  conditional  dissipation-like 
terms  <  7c-Vc(q,$>  and  <2p£\  Vc-Vf|f/,$> 

presents  a  challenge.  Using  appropriate  boundary 
conditions  (7)  the  modelled  form  of  Eqn  (6)  may  be 
solved  to  provide  predictions  of  Qi(q,C,x).  It  can  be 
expected  that  these  predictions  will  depend  on  the 
nature  of  the  flow  and  other  factors  such  as  the 
amount  of  premixing.  Thus  Qi(q,C,x)  could  be  quite 
different  in  a  lifted  diffusion  flame  than  in  a  piloted 
diffusion  flame  of  the  same  fuel  at  jet  velocities 
producing  local  extinction.  The  Qi(»/,C,x),  while 
interesting  in  themselves  and  important  for 
determining  <  wi|q,$  >  and  <  Wc|t;,C  >,  will  tell  us 
nothing  about  the  joint  pdf  of  $  and  c  which  is  needed 
to  complete  the  modelling  of  the  combustion  process. 
The  essential  features  of  this  joint  pdf  are  embodied, 
however,  in  the  conditional  mean  of  c,  Qc=  <c|i!>, 
and  its  conditional  variance,  Vc  =  <c'*|q>,  where  the 
prime  here  denotes  fluctuation  from  the  conditional 
mean.  Equation  (3)  written  for  Qc  can  be  solved  to 
provide  predictions  of  Qc,  except  that  now  <  wclq  > 
is  obtained  by  presumed  form  pdf  closure 

<wc|  »;>  =  I  <  wcl  q,<  >  Pc|  ^(OdC  (7) 

where  P(.|^(0  Ih®  conditional  pdf  of  c  conditional 

on  $  =  q.  This  conditional  pdf  will  be  evaluated  using 
a  presumed  form  and  its  predicted  moments  Qc  and 
Vc.  In  Eq.  (7)  <Wc|q,C>  is  evaluated  using  the 
doubly  conditional  first  moment  closure  as  in  Eqn  (6). 

A  balance  equation  for  Vc  =  Vc(q,x)  has  yet  to 
be  rigorously  derived.  It  is  apparent,  however,  that 
the  major  terms  will  include 

<pulq>|^  +  |^{<pu'c'S|?)>} 

+  2<  pu'c'  |q  >  =  2  <w'C'  |»7> 

-2<p517c'Vc'|q  >  + 

(8) 

In  this  equation  primes  on  Wc  and  x  denote  fluctuation 
from  their  conditional  mean  value.  Gradient 
modelling  of  the  second  and  third  terms  on  the  LIIS  of 
Eq.  (8)  presents  problems  due  to  the  well-known 
existence  of  countergradient  fluxes  in  premixed 
flames  [14],  The  reaction  rate  correlation  term 
2<w'c'|q>  can  be  evaluated  by  presumed  form  pdf 
closure  as  in  Eq.  (7).  The  second  term  on  the  RIIS  is 
the  now  familar  conditional  scalar  dissipation  of  the 
reactive  scalar  which  poses  some  challenge  to  model 
correctly  so  that  it  is  valid,  both  at  the  flamelet  and  at 
distributed  reaction  zone  limits. 

The  last  term  on  the  RIIS  embodies  some 
interesting  physics  of  the  reaction  zone  structure. 
With  c  defined  to  be  zero  for  unreacted  mixing  and 
positive  when  the  mixture  is  reacted,  5*Qc/oq*  is 
negative.  Also  the  correlation  between  x  and  c  will  be 
negative,  since  high  values  of  x  will  lead  to  mixing 
being  faster  than  reaction  locally  and  c  being  less  than 
its  conditional  mean.  This  term  is  thus  positive  and  a 
source  contributing  to  the  increase  of  Vc.  The 
correlation  between  x  and  c  can  be  expected  to  be 
higher  at  the  flamelet  limit.  When  there  is  turbidence 
within  the  reaction  zone  local  diffusion  will  smoooth 
out  c'  to  lower  absolute  values  than  if  it  followed  the 
peaks  and  valleys  of  x  throughout  the  reaction  zone. 
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FLAME  STRUCTURE  AND  MODELLING 
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The  conditional  moment  theory  gives  ns,  then, 
insights  into  the  interplay  between  flame  structure  and 
modelling  and  between  the  different  asprcts  of  flame 
structure.  In  nonpremixed  flames  the  basic  parameter 
is  the  ratio  O  s  D  «  1  the  reaction 

zones  ate  flamelet-like  and  the  last  term  on  the  RHS 
of  Eq  (8)  becomes  large  and  the  tendency  for  bimodal 
structure  is  strong.  When  0  >>  1  this  term  is  much 
smaller  and  the  tendency  to  bimodality  is  reduced. 
For  hydrocarbon  fuels  the  tendency  to  bimodality  is 
also  increased  by  the  reaction  rate  correlation  term, 
which  is  the  first  term  on  the  RHS  of  Eq  (S).  For  this 
to  be  positive  Qc  must  be  less  than  the  value  Cphi) 
where  <we|q,C>  peaks  along  the  (  coordinate.  For 
hydrocarbon  fuels  this  lies  close  to  the  maximum  value 
of  c  possible  at  that  q,  whereas  for  CO/H]/Nj 
mixtures  Cp(i})  is  much  mote  toward  the  middle  of  the 
range.  Bimodal  flame  structure  is  thus  a  result  of 
several  factors  operating  through  Ek].  (8)  rather  than 
having  a  simple  parametric  dependence. 

The  thin  reaction-sheet  structures  for  Oil  found 
in  hydrocarbon  flames  can  be  explained  in  terms  of  O 
for  the  inner  reaction  zone  where  CH  is  produced  and 
consumed.  This  inner  zone  is  much  narrower  in 
mixture  fraction  space,  A{,  than  for  the  OH  reaction 
zone.  Furthermore,  laminar  flame  calculations 
indicate  that  decreases  with  x  while  A^r  for  OH  is 
much  less  sensitive  to  x- 
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APSTRACI 


Seventeen  years  ago,  at  the  Tokyo 
International  Combustion  Symposium,  I  was 
asked  to  give  a  personal  overview  of  the  past 
and  future  of  combustion  research  in  a 
plenary  lecture'.  Since  then  many  remarkable 
changes  which  affect  our  subject  have 
occurred.  Having  again  been  offered  the 
opportunity,  1  cannot  resist  the  occasion  not 
only  to  survey  the  achievements  of  my 
former  forecast  but,  more  particularly,  to 
assess  the  effects  of  developments  and 
constraints  which  have  arisen  since  then  on 
projections  for  the  future  of  combustion 
research. 

As  regards  external  constraints,  we  are,  at 
the  time  of  writing,  in  the  throes  of  the  fifth 
oil  crisis  in  the  last  half-century  (the  emphasis 
on  "the  time  of  writing”  is  prompted  by  the 
surprising  intermittency  of  this  phenomenon, 
which  is  such  that  the  prevailing  state  of 
euphoria  may  have  reasserted  itself  by  the 
time  the  Symposium  is  held),  we  have  ushered 
in  public  environmental  consciousness,  we 
have  discovered  a  hole  in  our  ozone  layer,  and 
we  are  in  the  process  of  adding  a  relatively 
inert  product  of  all  fossil  fuel  combustion  - 
carbon  dioxide  -  to  our  list  of  potentially 
hazardous  pollutants.  As  regards  research 
developments,  there  has  been  quite  a 
remarkable  and  continuing  escalation  in 
available  computing  power,  as  well  as  great 
strides  forward  in  optical  diagnostics  -  both  of 
which  have  had  the  effect  of  prompting  a 
substantial  growth  in  our  knowledge  of 
fundamental  kinetics  On  the  other  hand,  some 
of  the  tools  of  this  trade  are  very  expensive,  so 
much  so  as  to  place  them  almost  beyond  the 
means  of  researchers  financed  entirely  by 
universities,  a  situation  which  has  given  rise  to 


new  kinds  of  research  organisations.  Affluent 
industrial  research  laboratories  are  well 
equiped  to  deal  with  these  challenges  but  their 
studies  tend  to  be  largely  "misson  -  oriented". 
On  the  political  side  also,  the  research  pattern 
has  been  affected  in  disparate  ways  in 
different  countries.  In  many  of  the  Western 
democracies,  governments  have  resolved  that 
state  -  supported  research  should  be  motivated 
by  profit  rather  than  by  curiosity  and  the  rest 
of  the  world  may  be  heading  towards  the  same 
ideology.  While  some  avenues  of  research 
have  been  attenuating,  other  new 
opportunities  are  emerging;  combustion  in 
microgravity,  for  example,  has  recently 
attracted  much  interest.  Whilst  the  lecnire  will 
explore  research  strategies  in  re.sponse  to  such 
constraints,  in  the  absence  of  a  reliable  crystal 
balL  the  aim  will  be  to  provoke  discussion 
rather  than  to  offer  any  infallible  insights  -  to 
which  the  speaker  has  no  claim  whatsoever. 

In.sccurily  in  oil  supplies  as  well  as  recognition 
of  carbon  dioxide  as  a  pollutant  emphasises  the 
need  for  research  on  combustor  efficiency. 
Indeed  energy  conservation  has  become  an 
anti  -  pollution  measure.  In  addition  to 
research  on  highly  efficient,  fuel  saving, 
combustion  methods  generally,  the 
combustion  of  hydrogen,  and  hydrogenation 
of  fossil  fuels  (subject  to  hydrogen  production 
methods  which  do  not  make  large  energy 
demands)  are  seen  as  important  topics  for 
research.  Moreover,  there  is  renewed  interest 
in  burning  hydrocarbons,  such  as  methane  at 
very  lean  equivalence  ratios  because  leakage 
into  the  atmosphere  of  such  species  increases 
the  greenhou.se  effect  disproportionately  mote 
than  the  equivalent  amount  of  carbon  dioxide. 
Great  strides  have  been  made  in  heat  - 
recirculating  burner  systems*  generally,  but 
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their  use  has  largely  been  confined  to  fuel 
saving  and  to  incineration;  their  favourable 
thermodynamic  efficiency  remains  largely 
unexploited. 

More  intricate  questions  arise  as  a  result  of 
government  legislation:  Research  on 
lean-bum  internal  combustion  engines 
involving,  for  example,  ignition  by  radical  - 
rich  plasma  or  combustion  driven  jets  has 
been  attenuated  in  recent  years  consequent 
upon  regulations  favouring  catalytic  clean  up 
of  combustion  generated  pollutants.  The  new 
recognition  of  carbon  dioxide  as  one  of  them 
ought  to  reverse  this  trend. 

The  remarkable  and  continuing  rapid 
progress  in  computer  modelling  raises  the 
question  of  whether  we  may  eventually  reach 
the  state  of  being  able  to  predict  combustor 
performance  without  recourse  to 
experimentation  (and  whether  it  might  be  less 
costly  to  do  so).  Although  the  computation 
time  is  proportional  to  the  cube  of  the 
Reynold's  Number  of  the  flow  system^,  even 
without  taking  chemical  kinetics  into  account, 
the  growth  in  speed  has  been  exponential 
hitherto. 

The  concentration  of  expensive  equipment  in 
corporate  re.search  establishments  has  not  led, 
and  shows  no  sign  that  it  is  going  to  lead,  to  the 
greater  availability  of  unaffordable  researcli 
tools  and  computing  facilities.  The  research 
aspirations  of  the  guardians  of  these  assets 
themselves  ensure  that  they  are  fully 
employed.  However,  innovative  and 
fundamental  research  is  both  necessary  and 
often  relatively  inexpensive.  Modem  tools 
sometimes  offer  a  choice  between  solving 
problems  and  trampling  them  to  death.  Thus 
verifying  particular  steps  in  proposed  reaction 
mechanisms  by  fitting  computer  predictions  to 
complex  combustor  behaviour  is  likely  to  be 
much  less  efficient  and  reliable  than  studying 
them  individually.  Great  strides  have  been 
made  in  advanced  combustion  methods^  but 
much  more  remains  to  be  done.  Science  can 

only  advise  technology  -  practical  innovations 
generally  arise  not  from  inventions  but  out  of 
needs.  However,  our  needs  appear  to  be 
escalating  by  the  day.  The  lecture  will  offer  a 
personal  view  of  various  promising  lines  of 
development. 
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ABSTRACT 

A  flasM  shsat  siodol  Cor  heat  reLeaee  Le 
Impletnented  Into  KIVA-It  (Amsdon  at  al., 

1989)  program  for  three  dimensional  (30) 
simulation  of  spray  combustion.  The  sensi¬ 
tivity  of  the  model  Is  first  studied  In  a 
non-awlrllng  test  case;  the  simulation  la 
then  applied  to  a  swirl  can  combustor  and 
compared  with  experimental  data.  The  per¬ 
formance  of  the  schema  la  generally  good,  but 
limited  by  the  capability  at  k-t  model  to 
predict  swirling  flows.  The  model  Is  struc¬ 
tured  so  that  the  fluid  mechanics  la 
decoupled  from  the  reaction  chemistry  which 
Is  calculated  off-line  and  Incorporated  Into 
the  3D  numerical  simulation  via  a  look-up 
table.  This  approach  provides  a  structure 
for  implementation  of  klnatlcally  baaed  as 
well  as  phenomenologically  based  emission 
models. 

•UMHARV 

A  major  difficulty  In  the  3D  modelling  of 
turbulent  combustion  processes  such  as  those 
found  In  gas-turbine  and  diesel  engine 
combustors  Is  In  the  calculation  of  the  chem¬ 
ical  reaction  terms.  This  difficulty  arises 
because  In  all  practical  cases,  the 
computational  cell  size  used  In  the  calcula¬ 
tion  could  not  resolve  the  composition  and 
temperature  non-unlformlty .  The  flow 
variables  used  In  the  calculation  are  often 
Interpreted  as  averaged  quantities.  The 
chemical  reaction  rates,  however,  are  usually 
nonlinear  functions  of  compositions  and  tem¬ 
perature  so  that  even  If  the  kinetics  are 
well  known,  the  use  of  the  averaged 
quantities  In  the  kinetic  expression  will 
give  an  incorrect  rate.  Empirically  based 
-pseudo-klnotlcs’  were  often  used,  but  the 
results  were  far  from  satisfactory.  Typi¬ 
cally,  If  an  Arrhenius  rate  expression  Is 
used,  the  calculation  «fould  erroneously 
predict  temperature  and  burn  rata  because  a 
"homogonaously  burning  computation  cell 
could  not  describe,  for  example,  a  mixing 
controlled  burning  process  where  the  actual 
burning  occurs  only  at  a  thin  Interface 
between  the  fuel  and  air.  Therefore  there  Is 
a  need  to  develop  a  flasM  structure  based 
a»del  to  connect  the  chemistry  to  the  30  com¬ 
putation  for  both  the  premised  and  diffusion 
combustion. 

A  second  difficulty  lies  In  the  computa¬ 
tion  intensity  required  in  Implementing 
kinetic  schemes  in  30  calculations.  The  rate 
aquations  are  usually  stiff  and  sensitive  to 
taavarature.  Any  moderately  eomplleatad 
scheme  (say  tan  reaction)  would  require  a 
tramandous  amount  of  computation  time  If  an 
engineering  parametric  study  matrix  la  to  be 
done.  Therefore  a  flame  atructura  based 
medal  which  can  use  a  pre-datarmlnad  rate  of, 
say  heat  relaass  or  pollutants  (such  as  NOx 


or  soot)  production  par  flams  structure  would 
be  computationally  attractive. 


A  flams  sheet  model  has  bean  applied  to 
both  premised  and  diffusion  engine  combustion 
to  alleviate  the  above  difficulties  (Cheng  et 
al.  1991).  The  concept  was  first  proposed  by 
Marble  and  Broadwell  (1977),  a  more  detail 
discussion  may  be  found  In  references  (Cheng, 
1983;  Peters,  1986).  The  present  study  Is 
limited  to  the  application  to  spray  (diffu¬ 
sion)  combustor.  The  model  relies  on  the 
fact  that  In  mixing  controlled  combustion  In 
practical  engines,  the  chemical  reaction  rate 
Is  fast  compared  to  the  mixing  rate.  The 
actual  burning  process  therefore  takes  place 
locally  as  thin  laminar  flames  surfaces 
between  fuel  and  oxidizer  pockets  which  have 
length  scales  similar  to  the  turbulent 
addles.  This  locslly  laminar  flame  Is  kept 
In  quasl-nqulllbrlum  by  the  turbulent 
stretching  of  the  fluid  elements.  The 
combustion  process  could  then  be  modelled  as 
a  collection  of  flame  surfaces  embedded  In 
the  strain  field  of  the  turbulent  eddies. 

The  separation  of  scales  (that  the  flame  sur¬ 
face  Is  thin  compared  to  the  eddy  size) 
allows  the  chsmlstry  and  the  fluid  mechanics 
to  be  decoupled.  Therefore  the  3D  calcula¬ 
tion  needs  only  to  calculate  the  density  of 
the  flame  surfaces  (flame  surface  area  per 
unit  volume)  and  the  heat  release  rate  and 
production  rates  of  NOx  emission  per  unit 
flame  surface  area  are  pre-calculated  In  a 
separate  calculation  using  the  proper  kinetic 
expressions  and  heat  release  rates  for  an 
one-dlmenslonal  stretched  flsme. 


The  above  scheme  explicitly  models  the 
spatial  non-unlformlty  within  a  computational 
cell  by  the  use  of  the  flame  sheets.  The 
computational  effort  required  Is  quite  modest 
-  It  requires  only  to  keep  tract  of  the  flame 
surface  area  per  unit  volume  which  Is  calcu¬ 
lated  as  if  this  quantity  Is  an  extra  '  spe¬ 
cies*.  The  3D  computation  time  la  thus 
Independent  of  the  complexity  of  the  chemical 
kinetics  because  the  chemistry  Is  calculated 
In  a  one  dimensional  stretched  flame  model 
separately  and  the  results  are  to  be  used  In 
the  3D  calculation  as  stored  look-up  tables. 

Following  the  formulation  of  Cheng,  Lai 
and  Chue  (1991),  the  transport  aquation  of 
flame  sheet  density  £  Isi 
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ia  tha  aourca  tarm  of  Z  dua  to  turbulant 
atratchlng  of  tha  fXana  araa  by  tha  oiaan 
attain  rata  a-e.c/t,  or  tha  alnk  tarm  dua  to 
flaiM  axtinctlon  whan  a  critical  atraln  rata 
a,  (on  tha  ordar  of  10'3/a  at  atmoapharlc 
Ptaaaura)  la  raachad.  Tha  aacond  tarm  on  tha 
RHS  la  tha  flama  ahaat  conaumptlon  dua  to  tha 
fual  and  oxldlzar  conaumptlon  fluxaa  J,  and 
Jf.  A  almpla  analytical  axpraaalon  for  J, 
(undar  tha  aaaumptlona  of  conatant  danalty 
and  dlffualvlty,  and  unity  Lawla  numbar)  can 
ba  uaad  If  ona-dlmanalonal  atratchad  flama 
calculation  la  bypaaaadi 

J,- — /De  expd-ar/  (t)J  > 

^-(♦y^-y.)/(♦y2♦>'■) .  •"<» 

^  la  tha  atolchlomatrlc  alr/fual  ratio,  ha 
In  t-c  modal,  tha  turbulant  dlffualvlty  of  Dt 
,  la  takan  aa  Tha  modal  conatanta 

a.p.C,  wara  all  takan  to  ba  5,  and  y  wan 
takan  to  ba  1. 


ha  a  taat  caaa,  tha  model  waa  uaad  to  alm- 
ulata  an  axl-aymmatrlc  apray  flama  In  a  duct 
of  S  cm  radlua.  Tha  computational  domain 
conalata  of  10  radial  by  30  axial  calla  cov- 
arlng  an  axial  dlatanca  of  20  cm.  Tha  down- 
atraam  praaaura  waa  atmoapharlc,  and  tha 
upatraam  air  valoclty  and  maaa  flow  rata  wara 

3  m/a  and  0.028  kg/a.  Tha  upatraam  turbu- 
lanca  laval  waa  10  parcant.  Tha  fual  waa 
dleael  fual  and  waa  Injactad  at  1.38  g/a 
(alr/fual  ratio  20).  Tha  fual  jat  waa  a  hol~ 
low  cona  diatrlbutad  avanly  from  half  cone 
angle  of  17.5  to  32.5  degraea.  For 
alfflpllclty,  tha  fual  dropa  were  repreaented 
with  an  Sautar  Naan  Radlua  of  3a|im  ,  and 
with  an  Injection  valoclty  of  50  m/a. 

Flgura  1  ahowa  the  velocity  vactora  of 
droplet  parcala;  aubatantlal  droplet  Implnga- 
mant  on  tha  wall  la  avldant.  ha  a  raault, 
tha  converged  global  anargy  releaaa  rate 
(takea  about  40  aeconda  Cray  2  CPU  time)  to 
only  about  77%  of  the  Injected  rata  of  fuel 
anargy.  Tha  temperature  map  and  flame  ahaat 
danalty  I  aro  plotted  In  flguraa  2  and  3. 

Tha  moat  Intenoe  burning  occura  at  tha  outer 
edge  of  tha  fuel  jet  where  the  ahear  rata 
generated  by  tha  jet  ia  hlghaat.  The  flame 
danalty  danalty  dlotrlbutlon  la  higher  at  the 
outer  edge  than  the  Innar  adga,  bacauaa  there 
la  more  air  available  at  tha  outer  edge.  Tha 
aanaitlvity  of  the  modal  prediction  to  the 
conatanta  a  and  (3  waa  atudlad  by  varying 
their  valuea  from  tha  baoellne  valuaa  of  5, 
and  obaervlng  their  af facta  on  tha  burned 
fuel  maaa  fraction,  which  la  defined  aa  the 
ratio  of  tha  total  relaaoa  rata  of  aanalble 
Internal  anargy  over  the  computational  domain 
to  the  Injection  rate  of  fual  anargy.  Figure 

4  ahowa  that  burned  fraction  collapaaa  to  a 
alngla  curve.  Indicating  that  the  flama  ahaat 
danalty  In  moatly  In  agulllbrlum. 

Tha  axparlmant  of  Khalil  and  Nhltelaw 
(1976)  waa  choaen  for  comparlaon  to  the  modal 
pradletlona,  almllar  to  tha  worka  of  Bl- 
Banhawy  and  Mhltalaw  (1980),  and  shuan 
(1986).  Tha  teat  geometry  of  the  awlrl 
combuator  la  ahown  In  Flgura  5,  and  comparl¬ 
aon  for  la  ahown  In  Flgura  6  for  the  0.72 
awlrl  numbar  caaa.  The  agraemant  la 
generally  good,  but  limited  by  tha  capability 
of  tha  baaallna  t-c  modal  to  predict  awlrl- 
ing  flowa  (almllar  to  finding  of  Shuan, 

1986). 

Thla  approach  provldaa  a  structure  for 
Implamantatlon  of  klnatlcally  baaed  aa  wall 
aa  pheneaianelegleally  based  amission  modala. 
The  calculation  of  10  atratchad  flama  calcu¬ 
lation  and  its  application  to  HOx  forawtlon 
In  aiathano  flasM  haa  boon  dlacuaaod  by  Chong 
(1983).  Purtliar  applications  to  practical 
combustor  will  also  ba  discusaod. 
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INTRODUCTION 

Recent  progress  In  numerical  fluid 
dynamics  has  been  expanding  Into  the  direct 
simulation  of  three-dimensional,  time-dependent 
turbulent  reacting  flows.  Nevertheless,  the 
simulation  of  this  kind  for  practical 
combustors  and  furnaces  of  complex  geometry 
seems  yet  unrealistic  due  to  the  Insufficient 
capacity  of  existing  computers.  To  satisfy  the 
practical  requirements  In  combustion 
engineering,  therefore,  we  are  obliged  to 
restrict  ourselves  at  present  to  solving  the 
time-averaged  balance  equations  for  fluctuating 
properties  associated  with  proper  boundary 
conditions.  In  order  to  close  the  time- 
averaged  conservation  equations  of  the  first 
moment  for  turbulent  reacting  flows,  not  only  a 
turbulence  model  but  also  a  turbulent  reaction 
model  which  gives  a  mean  reaction  rate  In 
turbulence  Is  necessary. 

The  reaction  models  based  on  Bray-Moss- 
Llbby’a  concept  are  widely  accepted  recently 
[1,2].  They  should  be  applied  to  the  flames, 
the  thickness  of  which  Is  far  thinner  than  the 
scale  of  dissipating  eddies.  In  extremely 
Intense  turbulence,  however,  the  eddy  motion 
breaks  a  flame-sheet  Into  reacting  gas 
particles  of  comparable  to  the  laminar  flame 
thickness.  Thus,  we  need  a  new  reaction  model 
widely  applicable  to  the  flames  In  Intense 
turbulence  of  small  scale  as  well  as  laminar 
flamelets. 

Some  basic  concepts  of  the  fine  structure 
of  turbulent  premixed  flames  are  roughly 
classified  Into  two  kinds  In  terms  of  the 
Damkohler  number.  Da,  defined  as  the  ratio  of 
the  characteristic  time  for  turbulent  mixing 
to  that  for  chemical  reaction  t  .  The  so- 
called  "wrinkled  laminar  flame"  or  "laminar 
flamelets"  appears  when  Da  Is  large  and  the 
dissipating  eddy-scale  Is  larger  than  the 
laminar  flame  thickness,  whereas  the 

"distributed  reaction  zone"  appears  when  Da  Is 
small  and  the  scale  of  dissipating  eddies  Is 
smaller  than  the  laminar  flame  thickness.  The 
reaction  rates  at  these  two  axtrexies  are 
dominated  by  chemistry  and  mixing, 
respectively.  The  objective  of  the  present 
study  la  to  develop  a  unified  model  of  mean 
reaction  rate  In  turbulent  premlxed  flames 
applicable  over  a  wide  range  of  Damkohler 
number. 

EXPERINENTS 

In  our  previous  study  [3,4],  ws  observed 


confined  turbulent  premixed  flames  stabilized 
by  a  pilot  flame  In  a  30  x  50  mt  square  duct 
to  elucidate  the  local  fine  structure  of  flames 
and  Its  Influence  on  mixing  processes. 

Figure  1  shows  the  schlleren  photographs 
of  the  observed  flames.  Mixtures  of  natural 
gas,  which  was  881  methane,  and  air  having  the 
same  equivalence  ratio,  ^  ,  with  nominal 
velocities  U,  and  U,,  respectively,  flowed  on 
either  side  or  the  centered  pilot  burner.  The 
pilot  flame  was  a  hydrogen-air  premixed  flame 
with  an  equivalence  ratio,  ^  ,  of  0.6.  The 
Initial  turbulence  Intensities^  u'  and  uj  were 
varied  by  Inserting  a  turbulence  generating 
grid  30  mm  upstream  of  the  pilot  port.  More 
details  are  found  In  Ref. [3]. 

We  classified  local  fine  flame  structures 
based  on  the  measured  turbulence 
characteristics,  and  examined  the  probability 
density  functions  (PDF's)  of  fluctuating 
properties  In  detail  [<•].  Figure  2  shows 
PDF's  of  temperature  fluctuations  observed  at 
the  positions  pointed  in  Fig.l. 

Because  the  fast-chemistry  makes  a  PDF 
blmodal,  such  a  distribution  observed  at  point 
B,  corresponding  to  the  structure  of  a  "laminar 
flamelets",  appears  In  many  turbulent  flames. 
In  contrast,  a  plateaullke  distribution 
observed  at  point  C  Is  resulted  by  the 
Interference  of  reaction  by  the  mixing  In 
extremely  Intense  turbulence  with  the  smaller 
scale  less  than  the  laminar  flame  thickness, 
which  may  correspond  to  the  structure  of 
"distributed  reaction  zone". 

We  concluded  that  the  shape  of  PDF  varies 
with  the  degree  of  the  Interaction  between 
reaction  and  turbulence,  hence  the  local 
Damkohler  number  In  flames. 

COVERNINC  EQUATIONS 

The  present  model  has  been  developed  to 
predict  time-averaged  profiles  of  velocities, 
temperature  and  species  concentrations  In 
combustors,  and  to  be  Incorporated  Into  the 
time-averaged  version  of  conservation  equations 
for  mass,  momentum,  enthalpy,  and  species  mass 
fractions.  Additional  equations  for  turbulence 
energy  k  and  Its  dissipation  rate  e  are  solved 
In  the  present  model  to  express  turbulent 
transport . 

The  Favre-averaglng  (density  weighted 
averaging)  Is  adopted  to  take  the  effect  of 
variable  density  Into  account.  For  a  steady 
two-dimensional  flow,  the  governing  equations 
for  the  above  variables  can  be  cast  into  the 
following  general  form  using  the  general 
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Fig. 2  PDF'a  of  temperature  fluctuationa 


Table  1  Exchange  coefficient  and  source  term  In 
the  general  conservation  equation  (1) 
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The  dependent  variable ,  the  exchange 
eoefflelent  and  the  source  term  for  each 
conservation  equation  are  tabulated  In  Table  1 
[3].  The  empirical  constants  appearing  In  the 
k  •  e  turbulence  model  and  turbulent  Prandtl 
numbers  for  the  dependent  variables  are  shown 
In  Table  2  [6].  Because  the  governing 
equations  are  dlscrstlcsd  in  the  numerical 
procedure,  the  source  term,  R.  ,  of  fuel  mass 
fraction  should  represent  the’  spatially-  and 
tanperally-lntegratad  reaction  rate  over  the 
finite  volume  of  a  computational  grid. 


Visual  length  of  flamee  and  mixing 
processes  In  a  combustor  are  primarily  governed 
by  the  large  scale  motions  of  turbulence,  but 
combustion  reaction  Is  believed  to  be  closely 
related  to  the  fine  structure  of  turbulence. 
The  turbulent  combustion  model,  therefore, 
cannot  be  embodied  without  taking  the  fine 
structure  of  turbulence  Into  account. 

As  described  previously,  a  local  mean 
reaction  rate  depends  on  the  Interaction  of 
chemistry  with  turbulence.  We  assume  that  the 
reaction  rate  Is  the  sum  of  chemistry- 
controlled  and  mixing-controlled  rates.  Thus, 
the  local  mean  reaction  rate,  R.  ,  appears  in 
the  conservation  equation  of  fuel  la  expressed 
as 


Rj.y  •  R^  {1  -  exp(-kjDa))  ♦  R^^  exp(-kjDa)  (2) 
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Fig. 3  Comparlaon  of  predicted  profiles  Flg.'t  Comparison  of  predicted  profiles 

with  experiments  (Flame  I)  with  experiments  (Flame  E) 
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where  is  an  empirical  constant ,  R  and  R^ 
are  the^chemlstry-controlled  and  thi  mixing- 
controlled  reaction  rates,  respectively.  The 
local  Damkdhler  number,  Da,  Is  expressed  as 

Oa  =  T  /T  =  (  t/u’)/(  «,/S,  )  (3) 

where  d,  and  S|  are  the  laminar  flame  thickness 
and  the^lamlnar  burning  velocity,  respectively. 
The  length  scale  t  and  the  turbulence  Intensity 
u*  are  evaluated  from  the  local  turbulent 
quantities,  k  and  e. 

The  chemistry-controlled  reaction  rate  is 
evaluated  by  Arrhenius  law  taking  account  of 
the  Influence  of  fluctuations  In  temperature 
and  concentrations  as  follows. 

R_  •  -  F  m.  m_  exp(-E/RT){l  ♦  X)  (4) 
c  I  u  ox 

where  X  denotes  the  expansion  terns  of 
fluctuating  components  [7]. 

Following  the  eddy-break-up  concept  [8,9]> 
the  mixing-controlled  reaction  rate  is  related 
to  the  dissipation  rate  of  turbulence  and  the 
probability  of  contact  of  burned  gas  with 
unburned  reactants  as  follows. 

R^  .  -  Ap(Vjj(l  -  eA  (5) 

where  A  denotes  an  empirical  constant  including 
a  shape  factor,  and  V.  Is  the  volume  fraction 
of  burnt  gas,  which  is  estimated  from  the 
reactedness,  t,  ■  The  local  reactedness  C 
defined  as  follows  using  the  local  mass 
fraction  of  fuel  m^,^. 

C  ■  ‘"fu  -  "fu,b’/‘"ru.u  -  Vu.b’ 

where  m.  .  and  m.  are  the  fuel  mass 
fractions'' 'In  the  full^''bupnt  gas  and  unbumed 
reactants,  respectively. 

In  order  to  examine  the  validity  of  the 
proposed  model,  sosw  numerical  qalculatlone 
were  carried  out  with  the  inlet  conditions 
equivalent  to  those  of  flames  observed  In  the 
experiment. 

The  predicted  profiles  of  mean  axial 
velocity  component,  turbulence  intensity  and 
Man  temperature  for  riaM  I  are  shown  In  Fig. 3 
accompanying  the  Masured  data.  The  global 
agresMnt  la  excellent  when  the  wrinkle  laminar 


flame  structure  dominates  the  whole  flame.  In 
contrast,  the  agreement  between  prediction  and 
experiment  for  Flame  n  In  Fig. 4,  which  Is  the 
case  of  strongly-turbulent ,  Is  deteriorated 
probably  due  to  the  fact  that  the  actual 
anisotropy  of  turbulence  cannot  be  well 
predicted  by  k  -  e  turbulence  model. 

CONCLUSION 

In  formulating  the  time-averaged 
conservation  equations  for  turbule..t  reacting 
flows,  we  have  discussed  the  expression  of  the 
time-mean  reaction  rate  applicable  to  various 
flames  over  a  wide  range  of  Damkbhler  number. 
The  rate  was  expressed  by  the  contributions  of 
chemistry  and  mixing  which  depends  upon  the 
local  flame  structure,  hence  the  local 
Damkbhler  number. 

Due  to  our  limited  knowledge  of  the 
Interaction  between  reaction  and  turbulence, 
some  modifications  of  the  present  model  may  be 
needed  later.  In  the  present  study,  however, 
the  numerical  predictions  have  demonstrated  the 
capability  of  the  concept  and  Its  applicability 
to  premixed  flames. 

REFERENCES  - 

[1]  Llew,  S.K.,  Bray,  K.N.C.  and  Moss,  J.B., 
Combustion  Flame,  56(198‘1),  199. 

[2]  Peters,  N.,  Progress  In  Energy  and 

Combustion  Science,  10(1984),  319. 

[3]  KatsukI,  M. ,  Nlzutanl,  Y.,  Yasuda,  T. , 

Kurosawa,  Y.,  Kobayashl,  K.  and  Takahashl, 
T. ,  Combustion  Flame,  79(1988),  9. 

[4]  KatsukI,  M.,  Nlzutanl,  Y. ,  Yasuda,  T. , 

Kurosawa,  Y. ,  Kobayashl,  K.  and  Takahashl, 
T. ,  Combustion  Flame,  82(1990),  93 • 

[3]  Bradley,  D.,  Kwa,  L.K.,  Lau,  A.K.C. 
Nissaghi,  N.  and  Chin,  S.B.,  Combustion 
FIsm,  71(1988),  109. 

[6]  Khalil,  B.B. ,  Spalding,  D.B.,  Whltelaw, 

J.H. ,  Int.  J.  Heat  Mass  Transfer, 

18(1975),  775. 

[7]  Borghl,  R.,  Adv.  Geophya.,  188(1974),  349. 
[6]  Spalding,  D.B.,  13th  Symp.  (Int.)  on 

Combust.,  (1971),  p.649,  The  Combustion 
Institute. 

[9]  Lockwood,  F.C.,  Combustion  Flame,  29(1977), 

111, 


1  -13 


lUTAM  SympOTium  on 
Aerothermodynamica  in  Comhuatora 
June  3-5.  1991,  Taipei 


The  Influence  of  I^stream  Prevaporization  on  Flame 
Extinction  of  CJne-Dimensional  Dilute  Sprays 


Chi-Chang  Liu  and  Ta-Hui  Lin 


Department  of  Mechanical  Engineering 
National  Cheng-Kung  University 
Tainan,  Taiwan  70101  R.O.C. 


INTRODUCTION 

The  flame  extinction  o{  a  dilute  apray  burning  in  a 
steady,  one-dimensional,  low-speed,  sufRciently  ofT-stoichio- 
metric,  two-phase  flow  was  initially  reported  by  Huang  et 
al.  |t|.  The  mathematical  technique  was  based  on  the  large 
activation-energy  asymptotics  introduced  to  spray  studies 
by  Lin  et  al.  [2|  and  Lin  and  Sheu  (3|.  Results  showed  that 
a  continuous  increase  of  the  liquid  fuel  loading,  or  decrease 
of  the  initial  droplet  size,  results  in  flame  extinction  for  a 
rich  spray,  while  no  flame  extinction  occurs  for  a  lean  apray. 
The  S-shaped  extinction  curve  (a  triple-valued  function) 
for  a  rich  spray  was  in  agreement  with  Mitani’s  analysis 
|4|  on  the  heterogeneous  inhibition  of  premixed  flames  by 
chemical  inert  dust  or  spray.  By  introducing  the  external 
heat  loss  represented  by  the  buck  heat  conduction  from  the 
system  to  the  surrounding,  to  compete  with  the  internal 
heat  loss  associated  with  the  droplet  gasification  process, 
I,iu  and  Lin  (5|  found  that  there  only  exists  C-shaped  ex¬ 
tinction  curves  (double-valued  functions)  for  both  lean  and 
rich  sprays.  Furthermore,  the  flame  flux  at  extinction  for 
a  lean  apray  was  first  increased,  then  decreased,  and  fi¬ 
nally  approached  to  ezp(-O.S)  with  increasing  the  droplet 
radius;  but  the  correspondingly  asymptotic  value  of  the  ex¬ 
ternal  heat  loss  was  slightly  larger  than  ezp(-l.O).  For  a 
rich  spray,  the  flame  flux  at  extinction  was  monotonkally 
increased  with  increasing  the  initial  droplet  radios  or  de¬ 
creasing  the  liquid  fuel  loading. 

From  the  previous  study  (5),  it  is  clear  that  the  influ¬ 
ence  of  the  internal  heat  loss  on  flame  extinction  is  weak¬ 
ened  by  the  introduction  of  the  external  heat  loss  to  the  sys¬ 
tem.  lb  understand  the  whole  spectrum  on  the  upstream 
interaction  between  external  and  internal  beat  losses,  we 
now  try  to  enhance  the  upstream  prevaporiiation  of  liquid 
fuel  by  varying  the  surrounding  temperature  in  this  study. 
The  detailed  discussion  will  be  focussed  on  the  flame  ex¬ 
tinction  curve,  the  flame  flux  at  extinction,  and  the  critical 
condition  of  liquid  fuel  at  extinction. 

CONFIGURATION  AND  ASSUMPTIONS 

We  consider  a  one-dimensional  system  in  which  a 
plane  flame  aits  at  the  origin  (s  =  0),  the  two-phsae  com¬ 


bustible  mixture  comes  from  i  =  -oo  and  equilibrium  re¬ 
action  products  move  away  toward  x  =  -l-oo,  as  shown  in 
Fig.l.  The  combustible  mixture  consists  of  various  concen¬ 
trations  of  oxidizer,  inert,  fuel  vapor,  and  fuel  droplets  of 
a  certain  radius,  lb  achieve  the  asymptotic  analysis,  we 
assumed  that  the  spray  is  monodisperse  and  dilute,  with 
the  amount  of  liquid  loading  being  0(e)  of  the  total  spray 
mass.  The  small  parameter  of  expansion  e  is  the  ratio  of 
thermal  energy  to  activation  energy  in  the  combustion  pro¬ 
cess. 

In  the  problem,  the  critical  initial  droplet  radius  (r,) 
for  the  droplet  to  achieve  complete  vaporization  at  the  pre¬ 
mixed  flame  front  can  be  identified.  Thus  for  the  cases  of 
•■-oo  ^  U  •'-00  >  *'t>  have  respectively  the  com¬ 
pletely  prevaporised  burning  and  the  partially  prevapor¬ 
ized  burning,  as  shown  in  Fig.la  and  lb,  respectively.  De¬ 
pending  on  the  availability  of  the  oxidizer  in  the  down¬ 
stream  region,  the  downstream  mixture  has  either  droplet 
burning  for  lean  sprays  or  droplet  vaporization  for  rich 
sprays  in  the  partially  prevaporized  burning  model  (Fig. lb). 
We  further  assume  that  the  droplet  temperature  is  con¬ 
stant,  and  its  motion  is  in  phase  with  that  of  the  gas. 
Therefore,  the  droplets  will  start  to  vaporize,  at  z  =  z„, 
only  when  the  gas  temperature  has  reached  the  boiling 
point  of  the  liquid.  Droplets  then  ignite  upon  crossing  the 
flame,  and  will  extinguish  at  z  =  Z|  upon  complete  deple¬ 
tion  of  the  oxygen  in  the  gas  mixture.  In  the  case  of  rich 
sprays  only  droplet  vaporization  is  possible. 

We  shall  assume  the  external  heat  loss  is  proportional 
to  (T-Tu),  representing  loss  through  heat  conduction  from 
the  spray  to  a  tube  wall  maintained  at  the  constant  temper¬ 
ature,  Tu-  Fbr  simplicity,  we  shall  also  assume  that  external 
heat  loss  being  of  0(e)  occurs  only  in  the  upstream 
region  of  z.  to  0.  In  the  previous  study,  Liu  and  Lin  |S|, 
the  wall  temperature  (Tu)  is  assigned  to  be  equal  to  the  up¬ 
stream  temperature  (T-w)-  However,  the  selected  values 
of  Ta  in  this  analysis  will  be  higher  than  T-n  to  allow  for 
the  simultaneous  existence  of  the  external  heat  gain  and 
loss  in  upstream.  It  obviously  results  in  the  enhancement 
of  upstream  prevaporisatioa  for  the  spray. 

Finally,  we  assume  that  tbs  fuel  and  oxidiser  reac¬ 
tion  for  the  bulk  premixed  flairw  is  one-step  overall,  that 
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the  fuel  droplets  burn  in  the  flame-sheet  limit,  and  that 
constant  property  simplification  apply.  The  comments  on 
the  assumptions  were  generally  discussed  in  Lin  et  al.[2). 

FORMTJLATION  AND  RESULTS 

The  dimensional  conservation  equations  for  heat  and 
mass  are  referred  to  Lin  et  al.[2|  following  Williams  {6]. 
We  designated  the  extent  of  gas-phase  heterogeneity  by  the 
parameter  Z  =  Pq/p  such  that  Z  =  I  represents  the  com¬ 
pletely  vaporised  state.  Then  the  non-dimensional  equa¬ 
tions  for  gas-phase  continuity,  and  conservations  of  fuel, 
oxidizer  and  energy  are  respectively  given  by 

Zmg  =  ^(1  -  -  Z)^F(T,ro)  (1) 

=  «  +  (2) 

^  (ZmVo  -  Ivo)  =  (  +  /orhg  P) 

^(ZmT  -  At)  =  -(  +  /rmg  -  tK(T  -  T,)H[0)  (4) 


where 


and  the  function 


ft{0)  = 


{; 


for  *,  <  I  <  0 
for  *  >  0 


(7) 


while  X  is  the  nondimensional  distance  expressed  in  units 
of  the  preheat  zone  thickness.  In  equations  (I)  -  (4),  the 
function  F{T,Yo)  and  the  constant  parameters  /p,fb  and 
fr  are  respectively  ln(l  +  (T  -  Tjj/hic],  1,0,  -  Ate  for  the 
vaporizing  droplet  and  ln(l  +  (T  -  r»  -  Vo)/Ato|.0,  - 1  and 
(1  -  Alg)  for  the  burning  droplet.  K  and  rn  denote  the 
heat  transfer  coefficient  for  the  external  heat  loss,  and  the 
flame  propagation  flux  normalized  by  the  premixed  value, 
m'. 

For  the  present  problem  it  is  more  expedient  to  use 
an  alternate  density  parameter, 
l-Z 


instead  of  Z.  Thus  in  a  dilute  spray  we  can  expand  Z-co  = 
I  -  ST  such  that  Z  =  I  -  where  e  =  Too/T*. 

Performing  the  inner  and  outer  expansions,  and  foil- 
lowing  the  detailed  matching  procedure  of  ref.|5)  to  match 
the  inner  and  outer  solutions,  we  have  te  final  results  as 
follows 

m’  =  exp[r,+  (0)l  (8) 

indicating  that  the  flame  propagation  flux  is  exponentially 
affected  by  the  first  order  temperature  downstream  near 
the  flame,  T|^(0).  The  amount  of  T,'^(0)  is  governed  by 
the  combined  influence  of  internal  and  external  heat  losses. 


Setting  Z  =  1  to  approach  the  condition  of  a  homogeneous 
premixture,  we  obtain 

m‘ln(rh*)= -Qi  (9) 

where  the  parameter. 


Ql  = 


^oo 


(T-oo  -  Tu) 


In 


(Tt- 

\Too  “  T_eo 


shows  the  combined  effect  of  the  external  heat  loss  and 
gain  for  the  case  of  Tu  >  T-oo.  It  is  noted  that  the  up¬ 
stream  spray  experiences  the  external  heat  gain  and  loss 
when  Tu  >  T(f,  and  Tu  <  respectively.  Therefore, 
Ql,  represents  the  net  influence  of  external  heat  transfer 
on  flame  extinction,  and  will  be  discussed  with  the  other 
two  parameters  of  the  internal  heat  loss  such  as  the  initial 
droplet  radius  (rL^u)  liquid  fuel  loading  (7)  in  the 

following  calculations. 


DISCUSSIONS 


Sample  calculations  for  n-octane  [CgHit  )  burning  in 
air  are  now  considered  to  illustrate  the  interaction  between 
external  and  internal  heat  losses  on  the  flame  extinction  of 
dilute  sprays  by  using  equations  (8)  and  (9).  In  addition 
to  three  parameters  of  7,  and  Qr,  used  before,  Liu  and 
Lin  |5],  we  vary  the  wall  temperature  Tu  in  the  analysis.  As 
mentioned  earlier,  choosing  a  higher  value  of  Tu  will  result 
in  a  region  near  x„  and  a  region  ahead  of  the  plane  flame 
having  external  heat  gain  and  loss,  respectively.  However, 
the  higher  value  of  Tu  will  accompany  with  a  larger  value 
of  ff  to  provide  enough  Qi  for  flame  extinction.  To  avoid 
the  participant  of  the  learning  effect  in  the  gas-phase  mix¬ 
ture,  discussed  by  Lin  et  al.  [2],  we  perform  calculations 
in  a  non-conserved  manner  which  maintains  the  initial  gas- 
phase  composition  the  same  but  varies  the  liquid  fuel  load¬ 
ing  systematically.  In  this  text,  result*  of  lean  sprays  are 
presented  only. 

The  responses  of  flame  flux  (rh)  on  the  external  heat 
loss  (Qi.)  are  presented  in  Figs.  2  and  3  with  various  values 
of  the  initial  droplet  size  {t'^oo)  temperature 

(Tu)  for  a  lean  spray  of  dc  =  0.8  and  7  =  0.02.  The 
C-shaped  extinction  curves  of  the  homogeneous  premix¬ 
tures  and  the  completely  prevaporized  sprays  are  shown  by 
dot-dash  lines  and  solid  lines,  respectively.  For  the  com¬ 
pletely  prevaporized  sprays,  the  critical  value  of  m  at  ex¬ 
tinction  (rhg)  and  the  corresponding  asymptotic  value  of 
the  external  heat  loss  are  higher  than  exp(-0.5)  and  exp(- 
1.0),  respectively.  This  is  caused  by  the  additional  heat 
gain  through  burning  the  secondary  gasified  fuel  from  the 
droplet  gasification  process  for  a  lean  spray.  It  is  further 
found  that  extinction  curves  of  the  homogeneous  premix¬ 
ture  and  the  completely  prevaporized  spray  are  indepen¬ 
dent  of  the  wall  temperature.  A  spray  having  a  given  burn¬ 
ing  strength  requires  a  fixed  amount  of  external  heat  loss 
to  achieve  flame  extinction.  Therefore,  the  additional  heat 
gain  associated  with  a  higher  value  of  Tu  will  be  suppressed 
by  the  following  heat  loss  enhanced  by  a  larger  value  of  K, 
resulting  in  the  same  amount  of  Qi  for  extinction. 


Fig.2a  is  basically  adopted  from  the  previous  study, 
Liu  and  Lin  |5|,  for  comparison.  Results  show  that  the 
upper  branch  of  rh  curve  corresponding  to  the  partially 


prevaporiied  spiajr,  abown  by  (lotted  Knee  in  Fig.2n,  is  ini- 
tiidly  lower  then  that  of  the  completely  prevaporiied  spray, 
and  has  a  cross-over  value  of  Ql,  across  which  the  partially 
prevaporised  spray  becomes  stronger  than  the  completely 
prevaporised  one.  Considering  the  same  value  of  r'_^  in 
Fig.2,  the  heat  transfer  coefficieat  K  for  the  ease  of  = 
S50K  is  larger  than  that  of  for  the  case  of  Ty  =  g48.6K 
at  the  same  Qt.  It  is  noted  that  a  larger  value  of  K  pro¬ 
motes  the  upstream  prevaporiiation  when  the  spray  ex¬ 
periences  the  external  beat  gain,  enhances  the  following 
heat  loes  near  the  plane  flame,  and  suppresses  the  possi¬ 
bility  of  droplet  burning  in  downstream.  Therefore,  the 
extinction  curve  of  the  partially  prevaporiied  spray  with  a 
certain  droplet  radius  shifts  inside  that  of  the  completely 
prevaporiied  spray.  The  flame  extinction  then  occurs  at 
the  condition  of  the  completely  prevaporiied  burning  ac¬ 
companying  with  a  relatively  small  Qt,  e.g.  r*.,,  =  31pm 
in  Fig.2b. 

In  Fig.2b,  the  flame  flux  at  extinction  moves  along 
the  lower  branch  of  the  extinction  curve  for  the  completely 
prevaporiied  spray,  as  we  increase  the  initial  droplet  sise. 
A  spray  having  large  droplets  has  a  small  propagation  flux, 

i.e.  a  large  preheating  thickness  and  a  shallow  temperature 
gradient  at  the  plane  flame.  Thus  the  sprqr  has  weak  burn¬ 
ing  intensity,  and  can  be  extinguished  under  a  small  value 
of  .Qt..  Increasing  r'_„  up  to  33pm  in  Fig.2b,  the  flame 
extinction  occurs  at  the  condition  of  the  partially  prevap- 
orised  burning  instead  of  that  of  the  completely  prevapor¬ 
iied  burning.  By  assigning  rL,,*  =  33pm,  it  is  suggested 
that  flame  extinction  of  a  lean  spray  is  controlled  by  the 
completely  and  partially  prevaporiied  spray  for  the  case  of 
'-CB  <  ^-oo*  *"d  r'_,„  >  respectively.  It  is  worth  to 
emphasise  that  as  t’_„  <  s'.**,  the  spray  may  have  par¬ 
tially  prevaporiied  burning  under  a  certain  amount  otQi, 
but  must  be  identified  by  completely  prevaporiied  burning 
on  extinction.  As  we  increase  r'.,,  further  in  Fig.2b,  the 
extinction  curve  of  the  lean  spray  moves  toward  that  of 
the  homogeneous  premixturc  because  the  liquid  fuel  in  the 
spray  loses  its  identify. 

The  above  discussion  is  further  explored  in  Fig.3.  For 
a  very  large  value  of  Tu,  e.g.  6S0K  in  Fig.3b,  the  mg  fine 
has  a  large  jump  from  the  completely  prevaporiied  burn¬ 
ing  to  the  partially  prevaporiied  burning  at  the  condition 
(d  rLoo'ldft.dpm).  The  S-shapad  extinction  curve  is  now  re¬ 
produced  and  inserted  into  the  C-shaped  extinction  curve 
■s  r^o,  =  flOpm  in  Fig.3b.  It  k  therefore  understood  that 
under  the  influence  of  the  external  heat  loss,  the  charac¬ 
teristics  of  flame  extinction  by  the  internal  heat  loss  (or 
gain)  can  be  emphasised  by  the  enhancement  of  upstream 
prevaporiiation.  In  Fig.3a,  it  k  of  interest  to  note  that  the 
flame  flux  on  extinction  (mg)  k  almost  independent  of  the 
initial  droplet  site  and  the  external  heat  loss,  and  closely 
equal  to  sxp(-0.5)  as  T.  =  670K. 

The  flame  flux  on  extinction  as  a  function  of  k 
shown  in  Fig.d  for  various  values  of  r*.^*  and  T,  in  a  lean 
spray.  It  k  shown  that  with  inersaaing  the  initial  droplet 
else,  the  mg  and  ita  sasociated  Qt  on  flame  extinction 
are  flrat  increased,  then  dacreeaed,  sad  Anally  approaches 
to  sxp(-0.fi)  and  exp(-1.0)  respectively  tot  small  values  of 
Tu-  Increasing  the  wail  temperature  T.,  the  dig  lias  will 


shift  inside  the  envelope  of  the  extinction  curve  for  the 
completely  prevaporiied  spray.  At  the  critical  c<»dition  of 
Tu  =  SlO.SJf,  the  mg  k  monotonically  decreased  with  in¬ 
creasing  the  initial  droplet  sise.  As  T«  >  SlO.Sflf,  the  mg 
curve  k  broken  by  a  jump  from  the  completely  prevqror- 
ised  burning  to  the  partially  prevaporiied  burning  at  rLua’- 
In  Fig.4,  it  k  generally  concluded  that  the  unstable  btan<di 
of  the  C-shaped  extinction  curve  for  the  completely  prevap- 
oiised  spray  may  be  realktically  approached  by  considering 
a  partially  prevaporiied  spray  having  a  higher  value  of  T^; 
and  that  lean  sprays  having  larger  droplet  site  or  experi¬ 
encing  larger  Tu  will  be  extingukhed  under  a  smaller  Qi. 

The  variation  of  t'_^  for  a  lean  spray  d  =  H  A  k 
presented  in  Fig.S  with  various  values  of  7,  T«  and  Qi- 
According  to  Fig.S,  the  value  of  t’_uo  k  increased  with  in¬ 
creasing  Tu  for  a  given  amount  of  7.  This  points  out  that 
the  external  heat  gain  enhancing  the  upstream  prevapor- 
iiation,  allows  the  spray  having  larger  droplets  to  undergo 
completely  prevaporiied  burning.  Increasing  the  Kquid  fuel 
loading,  the  curve  moves  to  experience  higher  Ql  be¬ 
cause  of  the  additional  burning  of  the  secondary  gasified 
fuel  for  a  lean  spray.  It  is  further  found  that  the  minimum 
value  of  Tu  and  the  corresponding  r'_„„*,  allowing  a  jump 
from  the  completely  prevaporiied  burning  to  the  partially 
prevaporiied  burning  on  extinction,  are  decreased  with  in¬ 
creasing  the  liquid  fuel  loading.  Finally,  it  seems  that  all 
curves  of  r!.„*  have  a  tendency  to  converge  together  at  a 
very  high  Tu,  as  shown  in  .5. 
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INTRODUCTION 

In  order  lo  as.sess  the  numerical  developments 
concerning  the  modeling  of  the  turbulent 
reactive  flows,  an  axisymmetric  swirling 
turbulent  diffusion  flame  of  methane  in  air  is 
•Studied  and  the  comparison  between 
measurements  and  computed  results  is 
pcrfonned.  With  this  20  kW  burner,  (fig,  I),  the 
methane  is  introduced  axially  and  the  air 
tangentially,  so  that  a  large  recirculation  zone 
lakes  place  at  the  center  of  the  flame  and  allows 
for  its  stabilization.  To  restore  the  temperatures, 
the  thermocouple  and  CARS  techniques  arc 
used  :  a  companion  paper  describes  these 
investigations.  The  LDA  is  run  lo  measure  the 
velocity  field  and  Gaz  de  France  performs 
concentrations  measurements  of  CII4,  O2.  CO 
aiul  CO2  with  a  gas  sampling  probe.  Tlie  whole 
set  of  experimental  data  enables  an  inestimable 
comparison  with  the  model  predictions.(l  1 


CH4 


64  mm 


Fig.  I  ;  Tlie  burner  geometry 


NUMERICAL  MODELING 

The  numerical  program,  called  HADES, 
describes,  with  the  finite  difference  technique, 
the  two-dimensional  or  axisymmetric  turbulent 
flows  with  a  k-e  model  for  the  turbulent 
correlations.  A  Reynolds  stress  model  is 
dcvciopped  in  our  lab  |21  but  its  extension  to 
density  varying  turbulent  flows  is  still  under 
study.  Two  combustion  models  are  used  : 

The  first  one,  named  "complex  chemical 
equilibrium  model",  assumes  fast  kinetics  and 
chemical  equilibrium  of  the  instantaneous 
mixture.  An  averaging  operator  is  then  required 
lo  detcnninc  the  mean  concentrations  of  species. 
As  the  equilibrium  instantaneous  concentrations 
are  function  of  the  non-dimensional  carbon 
atoms  mass  fraction,  f,  a  probability  density 
function  for  f  is  described  as  a  beta  function 
whose  coefficients  depend  on  the  mean  value  and 
the  fluctuations  of  f.  Tlie  transport  equations 
have  to  be  solved  for  Ihcse  two  last  quantities.  If 
the  radiative  transfer  is  not  neglected,  as  it  is  in 
this  flame,  the  mean  enthalphy  is  also  computed 
with  a  transport  equation  and  the  instantaneous 
enthalphy  is  assumed  to  be  locally  a  quadratic 
function  of  f  to  enable  the  averaging  step  with 
the  pdf  of  f. 

The  second  one,  named  "PF.UL"  "Probabilistic 
EUlcrian  Lagrangian"  model,  is  dcvelopped  in 
collaboration  with  Pr  Borghi  of  Rouen  and  lakes 
into  account  one  finite  chemical  reaction  rate. 
( I'he  approach  with  a  reduced  kinetics  scheme  is 
still  under  .study).  Each  mesh  cell  is  assumed  to 
be  an  homogenous  chemical  reactor  which  is 
caracterized  by  a  mixing  time  and  the  reference 
mean  concentrations  of  reactive  species.  Hie 
species  transport  equations  in  the  reactor  arc 
written  is  a  lagrangian  form  with  the  IBM 
(Interaction  by  exchange  with  the  Mean)  model 
for  the  diffusion  term.  Three  possible 
behaviours  are  allowed  ;  pure  and  inert  mixing, 
chemical  equilibrium  and  mixing-kinetics 


competition.  As  mean  values  of  concentrations 
and  reaction  rates  can  be  determined  in  the 
reactor  with  the  help  of  the  pdf  of  f,  like 
previously,  these  three  behaviours  are  combined 
so  that  the  mean  concentrations  in  the  reactor  are 
the  same  as  the  reference  values.  The  mean 
reaction  rates  are  then  taken  into  account  in  the 
culerian  transport  equations  of  species,  which 
lead  to  a  new  reference  state  for  the  reactor  at 
the  next  time  step. 

The  reaction  is  : 

cm  +  7/4  O2  — >  1/2  (CO  +  CO2)  +  2  H2O 
(Methane  and  oxygen  are  computed  with  a 
transport  equation  ;  their  mean  reaction  rates  are 
proportional.) 

The  fractional  step  algorithm,  following  Chorin, 
is  retained  for  the  numerical  method.  The 
iulvection  step  is  solved  with  the  method  of  the 
characteristics,  the  diffusion  step,  including 
source  terms,  with  a  splitting  between  the  two 
space  directions  and  a  semi-implication.  A  very 
classical  SOR  method  is  u.sed  for  the  Poi.sson 
equation.  [3] 

RESULTS 

The  input  velocities  are  about  30  m/s  both 
axially  and  tangentially.  The  first  LDA 
measurements  show  that  the  computed  velocities 
(fig.  2  and  5)  in  the  recirculation  zone,  between 
the  two  jets  of  methane  and  air  and  above  the 
methane  jet,  are  too  weak  and  the  computed 
turbulent  energy  is  in  general  too  weak  :  the 
mixing  is  not  efficient  enough  and  the 
temperature  remains  cold  at  the  bottom  of  the 
flame  :  the  radial  profiles  present  a  too  narrow 
peak  ;  at  the  top  of  the  flame,  the  products  are 
not  cooled  enough  and  the  flame  is  too  hot.  Hie 
compari.son  between  the  measured  and  computed 
temperatures  indicates  that  the  computation 
reproduces  qualitatively  the  general  structures  of 
the  flame  at  the  bottom,  while  the  gases  are  too 
hot  at  the  top  of  the  flame,  (fig.  3) 

With  the  PEUL  model,  (fig.4),  this  trend  can  be 
balanced  with  the  mixing  time,  which  is 
proportional  to  k/e,  but  .some  important 
discrepancies  remain.  The  temperatures  are 
more  realistic  at  the  bottom  of  the  flame,  in  the 
recirculation  zone  ;  the  problem  of  too  hot  gases 
at  the  top  is  reduced  but  not  completely  solved. 
As  the  PEUL  model  gives  good  results  for 
methane  jet  flames,  such  as  the  Lockwood  or 
Masri-Bilger  flames  {4|,  we  can  infer  that  this 
problem  is  probably  more  related  to  the 
modeling  of  the  swirling  flow  :  the  use  of  the  k-e 
model  is  questionnable,  particularly  in  the 
central  recirculation  region  of  the  flow. 


Another  weak  point  in  the  simulation  is  the  beta 
assumed  shape  for  the  probability  density 
function  of  the  passive  scalar.  This  assumption 
was  verified  in  nearly  all  the  flame,  for  jet 
flames,  except  at  the  jet  boundaries  ;  but  again 
for  swirling  flames,  it  may  not  be  the  ca.se.  Tlie 
CARS  technique  shows  double  peak  distribution 
of  temperatures  at  the  edge  of  the  reciculation 
zone.  This  result  has  a  physical  meanning 
because,  in  this  region,  hot  burnt  pockets  of  fluid 
and  cold  air  pockets  of  fluid  cross  the  probe 
volume. 

CONCLUSION 

As  this  swirling  flame  is  very  similar  to  many 
industrial  burners,  this  study  is  very  promising 
to  qualify  the  capability  of  our  program  to 
predict  the  good  interaction  between  the 
turbulent  flow  and  the  combustion  phenomena. 
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Fig.  2 :  Ihe  computed  temperature  aixl  velocity  ftckls 
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Fig.  3  :  Radial  profiles  of  temperature  with  the  equilibrium  model  ( —  :  computed  ;  *  :  measured  ) 
at  18  mm,  74  mm,  97  mm  and  167  mm  from  the  left  side. 


Fig.  4  :  Radial  profiles  of  temperature  with  the  PEUL  model  ( —  :  computed  ;  *  :  measured  ) 
at  18  mm,  74  mm,  97  mm  and  167  mm  from  the  left  side. 


Fig.  S  :  Radial  profile.^  of  axial  ( — :  computed  ;  *  :  measured  )  and 
tangential  (-  -  -  :  computed  ;  •  :  meastured )  velocities  with  the  PEUL  model 
at  18  mm,  74  mm,  97  mm  and  167  mm  from  the  left  side. 
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INTRODUCTION 

Accurate  prediction  ol  aoot  formation  In  laminar  and 
tuitxilent  combustion  Is  a  formidable  problem.  However,  the 
solution  Is  of  great  practical  Importance  partIcUaily  In  non- 
premtxed  combustion  applications  ranging  from  turbtdent  |et 
flames  to  Internal  combustion  engines  and  gas  lurWne 
combustion  chambers.  Whfle  most  practical  applications 
sre  strongly  turbulent  In  nature  a  most  basic  requirement  of 
any  model  is  the  successful  prediction  of  soot 
characteristics  under  a  wide  range  of  laminar  conditions. 
Unfortunately,  even  this  problem  Is  one  of  great  complexity 
In  partIciJar  as  any  deduced  reaction  mechanism  must  be 
sufficiently  compact  to  be  hnplementod  Into  turbulent  flame 
predictlorts  lor  example  via  an  extended  laminar  flamelet 
presumed  pdf  approach  or  via  a  transported  pdf  approach. 

The  present  paper  outlines  a  global  reaction  mecharrism 
lor  the  formatioo.  growth  and  combustion  of  soot  particles  In 
laminar  non-premtxed  flames.  The  model  Is  combined  with 
detailed  and  global  chemistry  descriptions  for  the  gas 
phase.  The  reaction  mechanism  [1]  Involves  nudeallon, 
surface  growth,  parflde  coagulation  and  combustion  steps 
and  has  been  created  with  the  Intention  of  being  applicable 
to  the  prediction  of  turbuleni  flames.  The  soot  nudeatlon 
and  surface  growth  reactions  are  Unked  to  the  gas  phase  by 
making  the  presumption  that  soot  fontratloo  Is  dependent 
upon  the  breakdown  path  of  the  fuel  arxl  that  the  presence 
of  pyrolysis  products  such  as  acotyletre  and  poly¬ 
unsaturated  cyclical  hydrocarbons  are  of  primary 
Importance  In  the  aoot  formation  process.  In  the  preseni 
work  acetylene  Is  used  as  the  Indicative  critical  specie  of  the 
soot  formation  process.  The  deduced  reaction  mechanism  is 
applied  to  the  collow  melhane-air  flame  measured  by  Garo 
et  al  (2|  and  to  counterilOMr  propane/02/N2  flames 
measured  by  Vandsburger  et  al  (3).  For  the  methane  flame  a 
global  reaction  mechanism  |4|  with  added  reaction  steps  lor 
acetylene  has  been  used  to  mMmbe  computational  effort. 
For  the  propane  flames  a  carefufly  constniOad  detaled 
mechanism  wMh  36  species  and  lit  forward  reaction  steps 
applying  the  latest  avaflaUe  rate  constant  data  has  been 
used  (5| . 


the  fuel.  The  model  kivolvas  the  solution  of  two  additional 
conearvation  equations  for  the  soot  mass  fraction  and  the 
paitlde  number  density  and  Is  closed  by  the  assumption  of  a 
spherical  partlcie  shape.  The  formation  of  soot  mass  Is 
assumed  to  occur  In  tvro  parts.  Firstly,  the  formation  of 
incipient  soot  particles  or  'nudeatlon'.  In  the  present  model 
these  partldes  are  assumed  to  be  formed  from  acetylene  as. 

C2H2  ••>  2C(s)  +  Hj  (1) 

The  reaction  rale  constant  lor  this  step  has  been 
determined  by  Leung  el  al  (t)  by  the  use  of  counterttow 
ethylene-air  flames.  It  has  been  formulated  to  account  lor  the 
formation  of  Incipient  particles  as  weM  as  early  surface 
growth.  The  latter  Is  Important  since  experimental  studies  (3) 
Indicate  that  newly  formed  partldes  are  slgnUtcanlly  (up  to 
an  order  of  magnitude)  more  reactive  than  older  partldes. 
The  rate  expression  derived  from  these  computations  was, 

Rj  =  0  5  to®  e' fOO  /  T  |C2H2)  (kmd/m®/s) 

The  secotxi  readlon  responsible  tor  the  Increase  In  soot 
mass  Is  assumed  to  be  surface  growth  due  to  adsorption  of 
C2H2  on  the  surface  of  the  partldes. 

C2H2  +  nC(s)  ->  {n  +  2)C(s)  +  H2  (2) 

The  readlon  rate  of  this  step  must  be  a  function  of  the 
surface  area  (S).  or  more  speciffcally,  the  number  of  adive 
sites  of  the  partlde  and  the  concentration  of  acetylene.  It  Is 
assumed  that  the  rate  deperxJence  upon  the  latter  Is 
essentlaRy  linear  to  a  first  approximation  gMng, 

R2  =  k2(T)  l(S)  IC2H2]  (kmd/m®/s) 

It  can  further  [t]  be  shown  that  a  preliminary  expression 
for  the  lundion  l(S)  can  be  found  If  It  Is  assumed  that  to  a 
lirsi  approximation  the  readivlty  of  a  partlde  is  Inversely 
proportional  to  Its  size  resulting  In. 

Rj  .  k2(T)|C2H2)|C(s))V3(pN|V6 


tOOTFOmurtON  mechanism 

The  soot  formation  mechanism  used  In  the  present  paper 
Is  based  on  the  presumption  that  the  fuel  breakdown  path  Is 
crtIcN  In  deterrnlnlng  floating  cbatictarlstlcs.  Speclflcally  R 
Is  aastimed  that  the  anwunf  of  toot  formad  Is  proportional  to 
the  amount  of  acafyfsnagansrated  during  the  breakdown  of 


k2(T) 


0.6S  to' 


t2tOO/T 


Where  N  Is  partlcIssAO-  molecular  weight  of  carbon 
(12.01 1  kg/kmof)  and  the  soot  densRy  (2000  Kg/m®). 


I  -21 


The  soot  oxidation  step  used  In  the  present  work  Is  based 
on  the  work  by  Lee.  Thrl^  and  Beer  |6|.  However,  the  pre- 
exponentlal  factor  has  been  adjusted  by  a  factor  to  to  give  a 
similar  peak  burrKNJt  rate  to  that  obserrad  by  Garo  et  al  (2) 
In  their  experiments  on  coflow  methane-air  flames.  Given  the 
present  uncertainties  fci  determktlng  an  appropriate  rate 
constant  or  even  the  major  oxidizing  specie  (O2  or  OH)  the 
current  arrangement  Is  viewed  as  sufficiently  accurate  lor  the 
present  purpose.  It  Is  further  assumed  that  at  flame 
temperatures  soot  Is  oxidised  to  carbon  ntonoxlde  as, 

C(s)  t  1/2  O2  -->  CO  (3) 

The  resulting  rale  expression  can  be  written  as 
2 

kgfT)  =  0.125  to6TV2  e' ’3680/T 

The  soot  nudeatlon  step  outlined  above  also  gives  rise  to 
the  source  term  In  the  rtumber  density  equation.  The 
decrease  In  particle  numbers  Is  simply  assumed  to 
correspond  to  agglomeration  given  by  the  normal  square 
deperxlence.  The  reaction  may  be  written  schematically  as, 

nC(s)  ->  Cn(s)  (4) 

with  (he  resulting  rate  expression  jt]  given  by, 

=  2N;^n,/C„,n-'<4(T)(C(s)j'/6|pNj1V6 


I<4(T) 


2Ca 


1 

8 


t 

2 


where  Is  Avogadros  number  6  022  lo^®  particles /kmol. 
is  the  number  of  carbon  atoms  In  the  Incipient  soot 

particle  (IOOOO).  «  the  Boltzmann  constant  (1  38  10'23  J/K), 
and  Cg  the  agglomeration  constant,  assigned  the  value  9. 


GAS  PHASE  REACTION  MECHANISM 

The  gas  phase  reaction  mechanism  used  for  the  propane 
flames  Is  based  on  the  work  of  the  CEC  data  evaluation 
group  j7]  and  further  developed  to  Improve  prediction  of 
diffusion  flames  |1,5|.  Of  particular  relevance  to  the  present 
study  Is  the  accuracy  of  the  prediction  of  pyrolysis  products 
which  can  be  shown  to  be  excekenl  with  the  deduced 
mechanism. 

For  the  collow  methane-air  name  j2j  an  exterxfed  version 
of  the  ^obal  reaction  mechanism  by  Jones  and  Undstedl  |4j 
was  used.  The  modifications  amounted  to  Including  steps  lor 
the  formation  and  destruction  of  acetylene. 


CH4  +  CH4 

—  >  C2H2  ♦  3H2 

(5) 

C2H2  +  3/2  O2 

—  >  CO  +  COj  +  H2 

(6) 

C2H2  ♦  2H2O 

-->  2CO  ♦  3H2 

(7) 

wNh  reaction  rales  (In  kmol/m?/s). 

Rs  -  0.12  10*3  e-^227B/T  |CH^| 

Rg  -  0.l510<2a-<*»8/T|C2H2l'/2|O2)S/< 
Ry  -  0,30109  e-<®09e/T  |C2H2)  (H2OI 


yyhile  the  underiying  global  reaction  mechanism  j4]  Is 
valid  for  a  wide  range  of  flames  the  additional  reactions  are 
valid  only  lor  unstrained  and  weakly  strained  dHluslon  flames 
with  a  strain  rate  'a'  <  50  /s.  However,  for  such  Names  the 
agreement  between  the  global  and  detaNed  mechanisms  Is 
very  acceptable  with  typicat  errors  less  then  20%. 


RESULTS  AND  DISCUSSION 


The  Nrsl  set  of  computations  were  of  two  counteiflow 
propane-air  Names  burning  against  oxygen  enriched  air 
streams  Investigated  by  Vandsburger  et  e)  13j.  who 
determined  soot  volume  fractions,  particle  number  densHles 
arxl  particle  sizes.  The  velocity  gradient  estimated  from  the 
experiments  was  63/s  which  was  applied  In  the  numerical 
compulations  along  wNh  a  fuel  Injection  velocNy  of  0.10  m/s 
and  t09  distributed  nodes.  The  oxidant  streams  consisted  of 
24%  02/76%  N2  and  28%  02/72%  N2  respectively  The 
comparison  of  measured  and  predicted  soot  volume 
fractions  can  be  seen  from  Figure  1  below. 
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Figure  1  y  I"’! 


The  agreement  between  predicted  and  measured  soot 
volume  fractions  Is  generally  very  satisfactory.  The 
predictions  of  partlcfe  number  densftles  are  also  satisfactory 
(Figure  2)  but  young  particles  dose  to  the  main  reaction 
zone  appears  to  agglomerate  nxxe  quickly  than  older 
partldes  residing  in  colder  parts  d  the  Name. 
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The  area  of  ihe  region  of  particle  formation  can  also 
Inlluence  the  particle  number  derally  and  size  In  the  early 
part  of  the  llairie.  However,  Ihe  predicted  width  of  this  re(^ 
Is  around  1  mm  or  less  which  appears  In  good  agreement 
with  that  observed  experlmenlally  (3].  An  Interesting  feature 
of  these  flames  Is  that  the  locallon  in  mbrture  fraction  space 
of  the  peak  growth  rates  of  soot  particles  Is  shilled  from 
0.138  to  0.1S8  for  the  28%  oxygen  enricfied  case. 

The  axl-synMnetrlc  colfow  melhane-air  flame  measured  by 
Garo  el  al  (21  was  computed  wKh  107  disirlbuled  nodes  and 
the  soot  model  unchanged  from  the  oxygen  enriched 
counlerflow  propane  flames.  This  flame  provides  an 
Interesting  comparison  as  not  only  are  the  fuel  and  oxidant 
streams  changed,  but  also  the  flame  structure  Is  significantly 
dlflerenl.  The  prediction  of  the  gas  phase  using  the  global 
reaction  mechanism  for  this  flame  b  excellent  (4]  provided 
that  computatiora  begin  at  the  first  measuring  station  (12.5 
mm  downstream)  and  not  at  the  burner  exit.  Thb  poses  a 
problem  as  soot  nudel  start  to  form  early  In  Ihe  flame  and  as 
no  soot  probes  were  avalable  at  the  first  measuring  station. 
Consequently,  a  preliminary  solulfon  was  obtained  from  the 
burner  exit  to  the  first  measuring  station  where  the  soot  data 
were  re-mapped  according  to  the  location  In  mixture  fraction 
space.  Thb  procedure  b  approximate  but  considered  more 
realbilc  than  assigning  zero  values  to  soot  volume  fractions 
atxf  particle  numbers. 

The  predicted  soot  volume  fractlora  and  particle  sizes 
along  Ihe  radius  (r)  at  various  distances  downstream  can  be 
seen  In  Figures  3  arxl  4  respectively,  where  the 
measurements  are  from  the  radial  probe  at  47  mm 
downstream. 


Figure  4  r  (m) 


CONCLUSIONS 

The  results  oblairred  by  the  soot  model  presented  here 
show  very  promising  qualitative  and  quantitative  agreement 
with  measured  data  for  a  range  of  flames.  In  particular, 
predictions  of  soot  volums  fractions  using  the  trxxlel  appear 
to  be  dose  the  uncertaimies  assocbted  wllh  the  detailed 
aixt  global  reaction  mechanisms  used  for  the  predictions  of 
the  gas  phase.  The  predictions  of  other  properties  such  as 
partide  number  densktes  and  aggregate  sizes  are  also 
satisfactory  partlculaily  H  the  uncertaimies  In  the 
measuremerns  of  these  propertbs  are  considered.  However, 
further  developmem  work  b  required  partlculatly  with 
respect  to  oxidation  steps  and  the  evolution  ol  partide 
number  densitbs. 
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1.  INTRODUCTION 

The  structure  of  the  turbulent  preoixed 
flame  depends  on  the  turbulence  Reynolds  nunher 
defined  by  R.  "lu'D/u  or  Ri  “lu’D/u  and  the 
Dankohler  nuicer.  0,  ■  (1/u')/(5|_/S(_)>  where  u* 
is  the  turbulence  Intensity,  v  the  kinematic 
viscosity.  X  the  Taylor  microscale.  1  the 
integral  scale  of  turbulence.  6(_  is  the  lami¬ 
nar  flame  thickness  and  $(_  the  laminar  burning 
velocity.  Mhen  the  Dankohler  nuaker  is  large, 
coskustion  reactions  are  rapid  compared  with 
the  turbulent  processes,  so  that  the  cookustion 
tends  to  occur  in  a  thin  laminar  flame.  For 
small  Dankohler  numbers,  the  turbulent  mixing 
Is  augmented  by  the  small  vortices  and  Is  rapid 
compared  with  the  chemistry,  so  that  the  cont- 
bustion  reactions  are  distributed  throughout 
the  volume  occupied  by  the  turbulent  flame 
zone.  In  tho  present  study,  the  transition  of 
the  flame  structure  between  these  extremes  were 
studied  by  using  the  Bunsen  burner  flames  and 
the  oppos^  jet  burner  flames. 

2.  EXPERIMENTAL  APPARATUS 

A  conical  turbulent  premixed  flame  with 
wrinkled  laminar  flame  structure  was  produced 
by  a  conventional  cylindrical  burner  of  30  mm 
in  I.D,  Turbulence  producing  grid  was  installed 
at  5S  mm  upstream  from  the  exit.  The  flame  was 
stabilized  on  the  exit  by  a  small  annular 
diffusion  flame.  The  average  velocity  of  mix¬ 
ture  at  the  burner  exit  ranged  from  2.68  m/s  to 
5.37  ffl/s.  The  turbulence  intensity  was  changed 
from  0.04  m/s  to  0.S7  m/s.  The  turbulence 
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Reynolds  nusker  based  on  the  Taylor  microscale 
ranged  from  4.9  to  74.4.  A  typical  Dankohler 
nunker  Is  of  the  order  of  20. 

Extremely  high  Intensity  turbulence  with 
small  scale  was  found  to  be  achieved  by  an 
opposed  jet  burnerCl].  The  burner  used  In  the 
present  study  Is  shown  in  Fig.  1.  This  burner 
consists  of  two  mixture  supply  tubes  of  10  mm 
In  I.D.  which  are  placed  oppositely.  The  dis¬ 
tance  between  two  mixture  supply  tubes  Is 
variable  from  5  to  30  mm.  Dilution  by  the 
surrounding  atmosphere  Is  eliminated  by  two 
water-cooled  square  plates  of  130  mm  X  130  mm. 
Equal  flows  of  a  premixed  propane-air  mixture 
were  supplied  to  these  tubes.  A  typical  value 
of  R;^  is  of  the  order  300  and  that  of  Dj  of  the 
order  of  5.  An  annular  turbulent  flame  is 
stabilized  In  the  diverging  mixture  flow  In  the 
range  of  equivalence  ratio  greater  than  0.90. 
and  the  stability  was  found  to  be  almost  inde¬ 
pendent  of  tho  flow  velocity. 

Figure  2  shows  the  laser  tomography  and 
the  data  processing  system.  An  Ar  ion  laser  of 
0.8  M  operating  at  514.5  nm  was  expanded  to  a 
two-dimensional  laser  sheet  by  a  cylindrical 
lens  and  then  focused  by  a  condenser  lens.  The 
nominal  thickness  of  the  resulting  sheet  was 
about  0.2  mm  across  the  measuring  area.  The 
unburned  mixture  was  seeded  by  fine  Ti02  parti¬ 
cles.  Since  the  effective  scattering  cross 
section  of  particles  is  greatly  reduced  at  high 
temperature[2].  only  the  unburned  mixture 
region  Is  visualized  by  Mie  scattering  of  these 
particles.  The  effect  of  seeding  on  the  flame 
process  was  found  negligible.  The  scattered 


Fig. 2  Laser  tomography  and  data  processing 

system 


Fig.l  Opposed  jet  burner 
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light  was  collected  at  the  right  angle  to  the 
sheet  and  was  recorded  on  the  video  tape 
through  a  OCO  camera  with  an  electronic  shutter 
of  1/2000  s  duration.  The  Image  recorded  on  the 
video  tape  was  sent  through  an  Interface  to  the 
frame  memory(512  X  512  pixels)  of  a  computer. 
The  overall  spatial  resolution  was  estimated  as 
around  1.5  mm. 

The  Instantaneous  temperature  was  measured 
by  a  compensated  fine-wire  thermocouple  as  In 
Ref.  1.  An  LDV  was  applied  to  measure  the 
radial  velocity  distributions. 

3.  EXPERIMEHTAL  RESULTS 

3.1  FRACTAL  ANALYSIS  OF  NRINCLED  LAMINAR  FLAME 

The  flame  Image  recorded  on  the  video  tape 
was  processed  to  afford  the  Instantaneous  shape 
of  wrinkled  laminar  flame.  The  algorithm  used 
In  the  fractal  analysis  Is  the  one  used  In  Ref. 
3.  In  which  the  length  of  flame  boundary  Is 
obtained  by  covering  the  boundary  with  circles 
of  different  diameters.  The  processed  Image  Is 
shown  In  Fig.  3  with  the  procedure  for  obtain¬ 
ing  the  length.  Successive  10-100  Images  were 
analyzed  to  obtain  the  fractal  dimension  and 
the  Inner  and  outer  cutoffs. 

The  logarithm  of  the  length  of  flame 
boundary  Is  plotted  against  the  logarithm  of 
the  radius  of  circle.  An  example  of  such  plots 
Is  shown  In  Fig.  4.  It  was  found  that  there 
exist  three  regions.  In  each  of  which  data  are 
expressed  by  a  straight  line  segment.  The  first 
and  third  line  segments  are  nearly  horizontal 
and  the  second  Is  diagonal  In  this  log-log 
plot.  The  Intersection  point  of  the  first  and 
second  line  segments  represents  the  Inner 
cutoff  and  that  of  second  and  third  line  seg¬ 
ments  represents  the  outer  cutoff.  In  the 
vicinity  of  each  cutoffs,  a  smooth  transition 
between  the  straight  line  segments  Is  observed. 

From  the  slope  of  the  second  line  segment. 

BOUNDARY 


(a)  (b) 

Fig, 3  Instantaneous  flame  shape 


Fig. 5  Fractal  dimension  versus  u'/Si^ 


the  fractal  dimension  0  was  determined.  Since 
the  wrinkled  laminar  flame  geometry  changed 
every  Instance,  we  used  arithmetic  means  of  the 
values  for  10-100  Instances.  Fig.  5  shows  that 
the  fractal  dimension  measured  In  the  present 
study  ranges  from  2.21  to  2.32  depending  on  the 
characteristics  of  the  unburned  mixture  turbu¬ 
lence.  It  was  found  that  the  fractal  dimension 
depends  solely  on  the  turbulence  Intensity 
normalized  by  the  laminar  burning  velocity  and 
that  the  dimension  Is  almost  Independent  of  the 
turbulence  Reynolds  number.  The  fractal  dimen¬ 
sion  Increases  with  the  turbulence  Intensity 
and  the  value  of  2.36  obtained  In  a  Internal 
conbustlon  engine  Is  approached  at  high  Inten¬ 
sity  turbu1ence(4] .  Recent  measurements  In 
turbulent  shear  flows  Indicate  that  constant 
property  surfaces  In  these  flows  are  fractal 
with  a  D  between  2.35  and  about  2.60  [51  which 
Is  larger  than  the  fractal  dimension  of  the 
wrinkled  laminar  flame.  Therefore,  the  wrinkled 
laminar  flame  does  not  act  as  a  constant- 
property  scalar  surface,  especially  for  low 
Intensity  turbulence. 

3.2  INNER  AND  OUTER  CUTOFFS  OF  FRACTAL  BEHAVIOR 

For  turbulent  shear  flows,  the  Inner  and 
outer  cutoffs  appear  at  scales  approximately 
equal  to  the  orders  of  the  Kolmogorov 
microscale  and  the  Integral  scale  respectively 
[51.  In  general  the  laminar  flame  front  Is 
expected  to  be  smoother  than  that  Implied  by 
the  unperturbed  turbulent  flow  field.  The 
smoothing  of  the  flame  surface  Is  predominant 
In  the  small  scales  whereas  the  larger  scales 
tend  to  remain  unaffected.  This  suggests  that 
the  Inner  cutoff  tends  to  shift  to  higher 
values  than  the  Kolmogorov  microscale.  The 
Inner  cutoff  obtained  In  the  present  study  Is 
significantly  larger  than  the  Taylor  microscale 
which  Is  larger  than  the  Kolmogorov  microscale 
and  decreases  with  the  turbulence  Intensity. 
This  fact  suggests  that  the  Inner  cutoff  de¬ 
creases  with  the  roughness  of  wrinkled  laminar 
flame  surface. 

The  outer  cutoff  Is  much  larger  than  the 
Integra!  scale  of  the  unburned  mixture  turbu¬ 
lence  and  Is  about  2/3  of  the  burner  diameter 
Independently  of  the  characteristics  of  the 
unburned  mixture  turbulence.  The  burner  diame¬ 
ter  represents  the  possible  maximum  scale  In 
the  system.  Therefore,  the  outer  cutoff  Is 
affected  by  the  Mximum  scale  of  the  system. 

3.3  STRUCTURE  OF  OPPOSED  JET  PRENIXED  FLAMES 

With  Increasing  the  turbulence  Reynolds 
nuaber  and  decreasing  the  DaiMohler  number,  the 
local  structure  of  the  wrinkled  laminar  flame 
Is  destroyed  by  small  dissipative  eddies  and 
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(a) 


(b) 

Fig. 6  Sch11«ren  photographs  of  opposed  Jet 
flams 

(a)  V  -  18.8  m/s.  (b)  V  °  30.0  m/s 

the  distributed  reaction  zone  Is  produced. 
Figure  6  shows  the  schlleren  photographs  of  the 
opposed  Jet  presilxed  flames  In  the  transition 
regime  to  the  distributed  reaction  zone.  The 
distance  between  two  plates  was  14  mm.  Bound¬ 
aries  -  between  unburned  mixture  Jets  and  recir¬ 
culation  zones  are  clearly  shown.  Figure  6(a) 
shows  that  on  the  unburned  gas  side,  the  flame 
zone  Includes  many  large  scale  wrinkles  which 
are  shown  as  a  lot  of  knob-like  '  a”,  s.  Thin 
horizontal  stringy  microstructure  appears  on 
the  burned  gas  side.  As  shov  i  >  Fig.  6  (b). 
with  Increasing  the  mixture  velocity,  wrinkles 
on  the  unburned  gas  side  disappears  and  the 
whole  combustion  flow  field  Is  filled  with  the 
bundles  of  the  stringy  microstructure. 

Figures  7  shows  the  mean  temperature 
contours  for  the  mean  velocity  of  18.8  m/s.  The 
turbulent  flame  zone  extends  from  R  •  10  mm  to 
30  an.  On  the  unburned  gas  side  of  the  flame 
zone,  the  Isotherms  of  the  mean  temperature  are 
nearly  parallel  except  for  the  regions  In  the 
vicinity  of  the  plate,  where  the  recirculation 
regions  are  produced.  On  the  burned  gas  side, 
an  almost  uniform  temperature  region  Is  pro¬ 
duced. 

The  fluctuating  temperature  contours  are 
shown  In  Fig.  8.  The  fluctuating  temperature  Is 
high  on  the  unburned  gas  side,  suggesting  that 
the  instantaneous  temperature  changes  from  the 
nearly  unburned  gas  temperature  to  that  of 
fully  burned  products.  On  the  other  hand,  on 
the  burned  gas  side,  the  fluctuating  tempera¬ 
ture  decreases.  As  suggested  In  Ref.  6.  small 
teatierature  fluctuation  Is  a  typical  feature  of 
the  distributed  reaction  zone. 


Fig. 8  Fluctuating  temperature  contours 


ature  decreases  and  also  the  mean  temperature 
becomes  uniform  throughout  the  reaction  zone. 
In  this  region,  the  discontinuity  surface  does 
not  exits  and  the  fractal  analysis  cannot  be 
applied  to  this  flame  structure. 

With  further  Increase  In  R.  to  about  300 
and  decrease  In  Dg  to  about  5.  'the  whole  com¬ 
bustion  flowfleld  consists  of  the  folded  and 
tangled  vortex  tubes.  Through  the  cascade  of 
turbulent  energy  transfer,  the  vortex  stretch¬ 
ing  enhances  the  small  scale  turbulent  mixing 
and  eradicates  the  non-uniformity  of  the  tem¬ 
perature  field. 

4.  (XWCIUSIONS 

(1)  The  transition  from  wrinkled  laminar 
flames  to  distributed  reaction  zone  Is  caused 
by  the  Increase  In  R^  or  decrease  In  Dg. 

(2)  The  wrinkled  laminar  flames  stabilized  on 
the  cylindrical  burner  can  be  represented  by 
fractal  surfaces  with  a  fractal  dimension  and 
Inner  and  outer  cutoffs  to  fractal  behavior. 

(3)  In  the  distributed  reaction  zone,  vortex 
stretching  eradicates  the  non-uniformity  of 
mean  flow  and  creates  a  uniform  turbulent  flow 
field  of  Isotropy  through  the  cascade  of  turbu¬ 
lent  energy  transfer. 


3.4  TRANSITION  OF  TURBULENT  FLAME  STTWmiRE  REFEREICES 


From  the  experlaiental  results  obtained 
with  the  conical  turbulent  flame.  It  can  be 
said  that  the  so-called  wrinkled  laminar  flame 
Is  produced  within  the  range  of  R^  below  100 
and  0^  above  10. 

When  Is  about  100  and  Og  about  10  In 
the  opposed  Jet  burner  flame,  a  large  tempera¬ 
ture  fluctuation  was  observed  on  the  unburned 
gas  side  of  the  opposed  Jet  burner  flame.  The 
large  temperature  fluctuation  Is  a  typical 
feature  of  the  wrinkled  flame,  because  the 
discontinuity  surface  of  temperature  fluctuates 
In  the  flame  zone.  Therefore,  the  wrinkled 
flame  feature  remains  on  the  unburned  gas  side. 
On  the  burned  gas  side,  the  fluctuating  temper- 
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1.  Introduction 

Turbulent  diffusion  cjmbustion  systems  in  which 
sprays  of  liquid  fuels  are  burned  have  been  widely 
utilized  in  many  industries  as  heating  equipment. 
However,  owing  to  a  characteristic  of  the  diffusion 
flame these  conventional  combustion  systems  have 
been  exposed  to  the  danger  of  an  exhausted  soot 
emission  which  is  one  of  the  most  undesirable  of 
combustion  products  for  users.  In  order  to  avoid  the 
soot  emisiiion,  a  lot  of  fundamental  and  application  studies 
on  soot  emission  control  have  been  undertaken  in  recent 
years. 

To  be  free  from  this  soot  emission  problem,  a  blue 
flame  burner  system  has  been  desired,  and  a  few  small 
burner  systems  which  produce  a  blue  flame  have 
been  successfully  developed  **  *1.  Also  there  has  been 
some  minimal  experimental  work  concerning  the 

relation  of  the  soot  emission  and  the  visual  appearance  of 
the  flame,  such  as  yellow  and  blue  flames  or  luminous  and 
nonluminous  flames.  While  a  soot-free  combustion  system 
has  been  strongly  demanded,  there  is  no  blue  flame  system 
which  can  allow  the  use  of  the  conventional  spray  system. 

A  new  combustion  system  called  a  jet-mixing-lype 
combustor  has  been  developed  by  the  authors  according  to 
the  demand  for  a  nonluminous  blue  flame  combustion 
system  to  attain  a  soot- free  combustion.  In  this 
combustion  system,  high  speed  air  jets  were  impinging  to  a 
kerosene  spray  to  make  the  high  turbulence  field  in  the 
kerosene  spray.  In  this  report,  the  principle  mechanism  of 
ihe  combustor  and  exhaust  emission  characteristics  are 
discussed. 

2.  Combustor  and  Experimental  Set-up 

Experimental  set-up  and  outline  of  Ihe  combustor  are 
shown  in  Fig.  1 .  The  combustor  was  made  of  stainless 
steel  pipe  with  an  inner  diameter  of  134mm  and  a 
length  of  560mm.  The  combustion  air  and  fuel  spray 
were  supplied  from  the  one  end  of  the  combustor.  The 
combustion  air  supplied  from  a  blower  was  introduced 
into  the  combustion  chamber  as  air  jets  through  a  baffle 


plate  with  16  air  holes.  Kerosene  fuel  was  supplied  from 
an  accumulator.  The  fuel  nozzle  used  in  this  study  was  a 
swirl  atomizer  of  a  hollow  cone  type.  Its  cone  angle  was 
60  deg.  and  the  Sauier  mean  diameter  of  its  spray  was 
about  25  pm. 

In  this  study,  combustion  characteristics  of 
nonluminous  blue  flame,  flow  field  of  air  jets  and  fuel 
spray,  temperature  distribution  in  the  combustor  and 
exhaust  gas  emissions  were  investigated  to  understand 
the  mechanism  and  combustion  characteristics  of  the 
blue  flame  combustor. 

The  baffle  plate  and  relative  position  of  fuel  spray  and 
air  jets  are  shown  in  Fig.  I  (a).  This  baffle  plate  was  one 
of  the  most  important  elements  in  this  nonluminous  blue 
flame  combustion  system.  The  air  holes  of  the  baffle  plate 
were  specified  by  a  hole  position  D,  hole  diameter  d, 
number  of  holes  n  and  a  relative  impinging  angle  0 
between  the  air  jet  and  the  spray  sheath.  After  many 
trials,  these  specifications  of  Ihe  air  holes  were  finalized 
as  D  =  50  mm,  d  =  5  mm  and  n  ==  16  to  obtain  a  blue  flame 
under  wide  flow  rates  of  fuel  and  air.  In  order  lo 
investigate  the  effect  of  a  rapid  mixing  process  of  fuel  and 
air  on  the  combustion  process,  the  relative  impingement 
angle  0  was  varied  from  0  deg.  to  90  deg.,  because  the 
mixing  process  was  strongly  affected  by  the  location  of 
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the  impingement  point  and  the  angle  between  the  air  jets 
and  the  fuel  spray.  Two  kinds  of  swirlers,  of  which  swirl 
number  S  were  0.5  and  0.87,  were  also  used  to  obtain 
reference  data  for  this  jet-mixing-type  combustor.  The 
size  of  the  swirler  and  its  relative  position  to  the  nozzle  are 
shown  in  Fig.  1  (b). 

3.  Results  and  Discussion 

3.1  Combustion  characteristics 

The  combustion  characteristics  of  this  jet-mixing 
type  combustor  were  thoroughly  investigated  by  changing 
the  relative  impinging  angle.  It  was  found  that  the  blue 
flame  combustion  state  appeared  under  an  impinging  angle 
in  the  range  of  30deg.  to  90deg.  The  combustion 
characteristics  obtained  by  the  combustor  with  the  baffle 
plate  of  with  a  relative  impinging  angle  of  60deg.  is 
shown  in  Fig.  2,  where  Mf  is  the  fuel  flow  rale  and  Ma  is 
the  air  flow  rate.  The  combustion  slate  in  the  diagram  was 
divided  into  three  zones  according  to  the  visual  appearance 
of  the  flame.  In  this  figure,  zone  (t)  shows  the  partially 
blue  and  partially  yellow  luminous  flame.  Both  zones  (2) 
and  (3)  show  a  kind  of  blue  flame.  The  blue  flame  shown 
in  zone  (2)  was  a  stable  nonluminous  flame  that  was 
followed  by  a  violet-blue  flame  at  the  exhaust  end  of  the 
combustor,  and  zone  (3)  shows  a  relatively  unstable  blue 
flame  owing  to  a  lean  mixture  ratio  of  fuel  and  air.  With  a 
further  increase  of  the  air  fuel  ratio,  a  blow  off  limit  was 
suddenly  reached. 

3.2  Mechanism  of  (he  blue  flame  combustion 

The  range  of  the  equivalence  ratio  that  allows  the  blue 
flame  state  was  obtained  as  a  function  of  the  relative 
impinging  angle  to  investigate  the  role  of  a  flow  Field.  The 
range  of  the  stable  blue  flame  was  widest  at  the  relative 
impinging  angle  of  60  deg.,  as  shown  in  Fig.  3.  The 


Fig.2  Combustion  characteristics  of  the  blue  flame 
combustor  with  the  60  deg.  baffle  plate 


flow  Field  made  by  the  air  jets  with  the  impinging  angle 
60  deg.  was  considered  to  be  suitable  in  promoting  the 
better  mixing  that  caused  the  blue  flame.  To  conFum  the 
role  of  the  flow  Field,  the  air  jets  and  spray  motions  in  a 
cold  state  were  made  visible  using  MgO  powder  as  a 
tracer.  Direct  photographs  using  slit-light  illumination 
method  were  taken  for  this  purpose.  From  an  image 
analysis  of  the  Photograph,  it  was  revealed  that  the  air  jets 
flowing  through  the  16  air  holes  impinged  to  the  spray 
sheath  and  were  concentrated  together  around  the 
combustor  axis.  It  became  a  single  convergent  and 
divergent  flow  around  the  axis,  and  the  spray  that  met 
each  air  jet,  moved  to  the  center  axis  and  was  thoroughly 
mixed  with  the  combustion  air. 

In  order  to  compare  the  luminous  yellow  and 
nonluminous  blue  flames,  both  flames  obtained  from  the 
combustors  which  had  the  relative  impinging  angles 
20deg.  and  60deg.  respectively  were  looked  at  under  the 
same  flow  condition.  The  fuel  flow  rate  of  0.74  g/s  and 
equivalence  ratio  of  1 .4  were  set  as  the  flow  condition 
where  the  stable  blue  and  yellow  flames  appeared  in  each 
combustor. 

The  axial  temperature  distributions  along  the  center  axis 
of  the  combustors  are  shown  in  Fig.4.  The  temperature 
rise  of  the  blue  flame  combustor  (  60deg. )  was  retarded 
compared  with  the  yellow  flame's  temperature  rise 
obtained  in  the  yellow  flame  combustor  (  20deg.  ). 
This  retarded  temperature  rise  was  considered  to  be 
caused  by  the  convergent  and  divergent  flow  Fteld  in  the 
blue  flame  combustor,  and,  moreover,  this  was  regarded 
as  a  characteristic  feature  of  this  blue  flame 
mechanism. 

The  axial  distributions  of  THC  are  also  shown  in 
Fig.  4.  The  THC  level  in  the  yellow  combustor 
shows  a  very  high  concentration  near  the  nozzle  but  it 
decreased  quickly.  However,  in  the  blue  flame 
combustor,  the  THC  concentration  was  not  so  high  near 
the  nozzle.  While  the  THC  increased  slightly  in  the 
main  flame  zone,  it  finally  decreased  to  a  lower  level  than 
that  in  the  yellow  combustor  at  the  combustor  end.  The 
double  marked  symbols  at  Z  =  500  mm  represent  the  radial 


Flg.3  Effect  of  relative  angle  of  a  baffle  plate  on  a 
blue  flame  combustion  state ;  Ma  =  10  g/s 
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Fig.4  Effects  of  the  relative  angle  of  the  baffle  plate  on  the 
temperatufc  and  THC  concentration  along  the 
combustor  axis ; 

12.7  g/s.  Mf=  0.74  g/s.  ^  =  1.4 


averaged  values  of  the  THC  concentration.  The  average 
for  the  blue  flame  combustor  also  shows  a  lower  value 
than  that  of  the  yellow  combustor. 

From  the  temperature  and  the  THC  distributions,  it 
was  found  that  in  the  yellow  flame  combustor  vaporized 
over-rich  mixture  was  created  and  it  burned  as  a  turbulent 
diffusion  flame.  On  the  other  hand,  there  was  no 
vaporized  over-rich  mixnire  in  the  blue  flame  combustor, 
the  evaporation  of  the  fuel  and  thorough  mixing  with 
sufficient  combustion  air  occuned  rapidly  at  the 
impinging  area  of  the  fuel  and  air.  Furthermore,  the 
ignition  was  tetarded  owing  to  the  high  velocity  of 
the  convergent  and  divergent  flow  of  the  mixture. 

According  to  these  investigations  and  flow 
visualization  using  the  MgO  tracer,  the  mechanism  of  this 
blue  flame  combustor  is  summarized  in  Fig.  3  as  follows. 

(1)  From  the  nozzle  to  the  convergent  flow  section  of 
the  air  jets:  The  impingement  of  the  air  jets  and  the  fuel 
spray  induced  their  rapid  mixing.  In  the  same  instance,  a 
hot  lean  burned  gas  supplied  from  the  blue  flame  around 
the  air  jets  was  entrained  into  the  mixture  and  promoted 
the  evaporation  of  the  spray. 

(2)  From  the  divergent  flow  section  of  the  air  Jets  to 
the  flame  front:  Mixing  and  evaporating  processes 
occurred  in  the  highly  turbulent  divergent  flow. 
However  there  was  no  flame  propagation  from  the  main 
flame,  because  the  axial  flow  velocity  of  the  mixture  in  this 
zone  was  higher  than  the  flame  propagation  velocity. 

(3)  The  main  flame  zone:  The  main  combustion  took 
place  here  as  a  blue  nonluminous  flame. 

(4)  Out  side  of  the  combustor;  When  the  over-rich 
mixture  was  burned  inside  the  combustor,  the 
supplemental  violet-blue  flame  appeared  outside  of  the 
combustor. 

4.  Conclusion 

A  new  combustion  system  called  a  jet-mixing-type 
combustor  was  developed  to  obtain  a  blue  flame 
combustion  system.  The  combustion  characteristics 
such  as  combustion  stability,  temperature  distribution. 


and  emi.ssion  characteristics  were  investigated  in  this 
new  combustion  system.  It  was  revealed  that  the 
combustion  mechanism  of  prompt  mixing  and  retarded 
ignition  was  caused  by  the  convergent  and  divergent  air 
flow  in  this  combustor.  This  combustion  system  showed 
a  high  potential  for  attaining  soot-free  high  efficiency 
combustion  with  low  NO  and  THC  emissions 
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Hydrogen  is  regarded  as  one  of  tlic  most  pro¬ 
mising  energy  carriers  of  the  fuliire.  It  shows  a  high 
specific  energy  density  and  the  exhaust  gases  from  a 
coiiihustion  with  air,  with  HjO  as  the  main  reaction 
pvodtirt,  contain  nearly  no  toxic  parts  and  do  not 
coiitrihute  to  the  greenhouse  effect.  Fiirthei  iiiore  hy- 
thogen  ran  be  generated  simply  by  the  elect  roly  tical 
dissor.iation  of  water.  However,  the  complex  interac¬ 
tions  of  fluid  merhanies,  gasdyuamics  and  reaction 
kinetics  involved  in  the  combustion  process  arc  not 
V'  t  understood.  Therefore  the  authors’  institute  is 
involved  in  hydrogen  combustion  research  for  nearly 
a  decade  with  two  major  aspects.  For  one  there 
aie  safety  ronsi<lerntions  with  regard  lo  accidental 
combustion  in  hydrogen  facilities  with  stoiage  tanks 
and  distribution  systems  or  in  nuclear  p<iwer  plants 
in  the  course  of  a  loss-of  coolant  accidenl.  The  other 
aspei  t  is  the  optimi/ation  of  combustion  chambers. 

The  major  safety  problem  in  hrdiogen  facili¬ 
ties  in  case  of  an  unintentional  ignition  of  hydro¬ 
gen/air  mixtures  beside  the  release  of  large  amounts 
of  thermal  energy  are  possible  strong  deflagrations 
or  even  detonations.  The  propagation  rate  of  an 
initially  slow  deflagration  can  be  increa.sed  by  tur¬ 
bulent  flame  acceleration  up  to  supersonic  speeds  or 
even  undergo  transition  to  <h  nation  (1,  2|.  Since 
fast  flame  fronts  are  connected  with  strong  overpre.s- 
sures,  reaching  values  of  more  than  thirty  times  the 
initial  pressure  in  the  ca.se  of  a  detonation,  they  are 
capable  of  damaging  inventory  parts  of  a  facility. 
Therefore  detailed  knowlcrlge  of  the  nicchnnisnis  of 
tin  Indent  flame  acceleration  and  the  transition  from 
deflagration  to  detonation  is  necessaray  for  safety 
analysis. 

While  for  unintentional  ignitions  of  large  hy- 
drogen/air  mixtures  the  resulting  combustion  rate 
should  stay  as  low  as  possible,  the  aims  pursued  in 
the  riesign  of  optimized  combustion  chambers  are 
»|uit.e  contrary:  high  energy  relea.se,  small  geometri- 
i-al  dimensions  and  high  efficiency  of  the  reaction. 
To  reacli  those  goals,  one  basic  questions  is,  how 
the  reaction  rate  and  the  stability  of  a  flame  can 
he  influenced  by  means  of  induced  tui  bulence.  The 
riegree  of  lurbtdence  can  both  increase  the  reaction 


rate  at  lower  degrees  but  also  decrea.se  the  react  inn 
nilf  due  to  quenching  effects  at  high  degrees  of  liir- 
biilcure  (3,  4).  Therefore  the  combu'-lion  process  in 
a  combustion  chamber  should  be  organi;'i  (l  so  that 
the  degree  of  turbulence  is  as  high  as  possible  but 
below  the  level  at  which  quenching  effects  redtiee  the 
re  action  rate.  The  mechanisms  involved  are  similar 
to  the  ones  responsible  for  turbulent  flame  accelera¬ 
tion. 

For  the  investigation  of  turbuli  iit  combustion 
behaviour  of  various  hydrogen/air  mixtures  an  ex¬ 
plosion  tube  (6  m  long,  CC  mm  inner  diameter)  equip- 
peel  with  opto  electronical  sensors  to  delect  the  flame 
front  velocity  was  used.  Arrays  of  orifices  with  diffe¬ 
rent  blockage  ratios  and  distances  between  two  suc¬ 
cessive  orifices  were  placed  inside  the  explosion  lube 
to  study  the  effect  of  turbulence  on  the  general  eom- 
bu-tion  behaviour.  Fig  1  shows  typical  flame  front 
velocities  recorded  along  the  axis  of  the  explosion 
tiilie  when  an  array  of  orifices  with  a  blockage  ra¬ 
tio  of  69%  and  a  spacing  value  of  400  mm.  repre¬ 
senting  a  nudtichamber  geometry,  is  installed  [5). 
The  blockage  ratio  is  defined  ns  the  ratio  of  the  area 
blocked  by  the  orifices  in  the  detonation  tube  to  the 
area  of  the  unblocked  tube.  Flame  acceleration  is 
mainly  cau-sed  by  a  turbulent  jet  of  hot  gases  emer¬ 
ging  through  the  opening  of  the  orifice  into  the  next 
cliamber.  Depending  on  the  hydrogen  concentra¬ 
tion  different  maximum  burning  velocities  connected 
with  different  combustion  modes  are  reached.  In  the 
mixture  with  11%  hydrogen  the  flanu-  propagates  ns 
a  normal  deflagration.  Its  velocity  increases  rapidly 
at  the  beginning  of  the  obstacle  array,  but  quenching 
effects  cause  the  velocity  to  drop  after  a  distance  of 
about  1.5  m  and  the  flame  is  finally  quenched  com¬ 
pletely  before  it  reaches  the  end  of  I  In-  tube.  At 
14%  hydrogen  the  flame  is  accelerated  strongly  to 
picK'eed  as  a  supersonic  flame  through  tin:  obstacle 
array.  Pressure  losses  prevent  further  flame  accele- 
inlion  to  speeds  near  the  detonation  relocity.  At 
the  end  of  the  obstacle  region  the  veUicily  decreases 
again  due  to  decreasing  turbulence.  The  flame  in  'he 
mixture  with  24%  hydrogen  nrc.lerates  very  fast  to 
spetxls  close  to  the  detonation  speed  ai\d  eventually 
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obstacles  |  Distance  From  Ignition  [m) 

Fig.l  Fl.iine  velocity  in  detonation  tube;  obstacle  distance  490  min,  blocl;,"-.-  ratio  0.69 


iiiidi'rgoes  transition  to  detonation  at  tbe  r  nd  of  the 
ob'-lacle  array.  A  significant  difference  was  observed 
in  die  combustion  behaviour  when  the  nmlticham- 
b(  I  arrangement  described  above  was  replaced  by  an 
ari.iy  of  orifices  with  a  blockage  ratio  of  only  32%. 
Heie  the  flame  is  accelerated  by  turbulence  induced 
by  (he  obstacles.  Fig.  g  shows  the  inaxiuium  flame 
front  velocities  reached  within  the  obsalcle  array  for 
both  blockade  ratios  used  (5). 

Due  to  the  motion  of  the  unbuinl  gas  ahead 
of  the  flame  the  velocities  obtained  in  the  explo¬ 
sion  tube  are  the  added  values  of  the  velocity  of 
the  unburnt  gases  and  the  actual  burning  velocity. 
However,  the  burning  velocity  is  the  key  parameter 
for  stationary  combustion.  Therefore  LDV  lueasnre- 
inents  of  the  gas  velocity  ate  currently  conducted  in 
the  explosion  tube.  The  burning  velocity  can  both 
be  calculated  from  the  difference  of  the  gas  velocity 
in  fiont  of  and  behind  the  reaction  zone  by  apply¬ 


ing  the  conservation  laws  of  mass,  momentum  and 
energy  as  well  ns  from  the  difference  between  the  gas 
velocity  ahead  of  the  flame  and  the  total  flame  fiont 
velocity  as  it  is  obtained  from  the  opto  electronic 
sensors.  Although  these  measurements  are  very  dif¬ 
ficult  due  to  the  extremely  fast  processes  involved, 
first  results  indicate,  that  during  the  transition  to 
detonation  the  burning  velocity  reaches  values  close 
to  the  critical  burning  velocity. 

To  investigate  stationary  hydrogen  combuslion 
phenomena,  two  combustion  chambers  had  been  in¬ 
stalled.  One  is  designed  as  a  tube-type  subsonic  bur¬ 
ner  equipped  with  removable  turbulence  promoting 
obstacles  for  the  investigation  of  the  structure  of  tur¬ 
bulent  flames  as  they  appear  behind  such  obstacles 
(O).  The  other  setu])  is  a  transsonic  wind  tunnel  in 
which  high  speed  hydrogen/air  flames  are  examined 

m. 


turbulence 

promoled 

flame 


let  stream 
promoled 
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Fig.2  Maximum  flame  velocity  a.s  function  of  turbuh-nce  (represented  by  distance  between  obstacles) 
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Fig.3  Hydrogen  concent, ration  profiles  downstream  of  obstacles 
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The  sulisotiic  burner  can  be  operated  at  va¬ 
rious  hydrogen  concentrations  and  main  stream  ve¬ 
locities  and  the  obstacle  configuration  can  also  be 
changed.  Depending  on  the  flow  field  iinlnced  by  the 
obstacles  the  process  of  combustion  varies.  The  me- 
thofl  of  ranian  scattering  was  u.scd  to  siinultitneously 
measure  the  concentration  of  HjiNj.Oj  and  HjO 
along  the  main  stream  axis  of  the  burner.  This  si¬ 
multaneous  measurement  of  all  species  is  acliievc<l 
by  the  employment  of  a  pulsed  excimer  laser  as  a 
liigh  energy  light  source  and  an  intetisified  diode- 
array  detector  as  a  highly  sensitive  detector.  Fiq.  S 
shows  the  profiles  of  the  hydrogen  concentration  at 
main  gas  velocities  of  9,  11  and  13  m/s  when  the 
burner  is  erpiippcd  with  two  parallel  obstacles  and 
till’  hydrogen  content  is  set  to  10%  (6].  Each  flame 
exhibits  distinct  non-reactive  regions  which  are  as¬ 
sumed  to  be  cau.si'd  by  quenching  effcr(.s  within  the 
flame.  The  number  and  position  of  these  region  is 
fli  li’iinined  by  the  flow  field  which  varies  with  the 
main  gas  velocity.  This  setup  should  also  be  suita¬ 
ble  for  future  examinations  to  optimize  combustion 
in  a  stabilized  recirculation  area  at  higher  main  gas 
velocities. 

In  the  transsonic  wind  tunnel  both  the  mixing 
of  hydrogen  and  air  as  well  as  the  stabilization  of  fla¬ 
mes  by  inducerl  recirculation  zones  ate  investigated 
over  a  wide  range  of  main  air  flow  velocities  up  to  the 
transsonic  region  and  different  injection  systems  for 
hydrogen  (Tj.  The  distribution  of  hydrogen  in  air  is 
detected  by  holographic  interferometry.  This  mea¬ 
surement  technique  allows  large  regions  to  be  exami¬ 
ned  with  a  single  measurement.  The  stabilization  of 
the  flames  is  achieved  by  cither  one  or  two  reward 
faring  steps  inducing  recirculation  zones.  Like  in 
the  subsonic  burner  the  method  of  ramaii  scattering 
is  employed  to  investigate  the  structure  of  the  com¬ 
bustion  zone.  However,  by  using  »  pulsed  dye  laser 
and  an  intensified  CCD-camera  the  obtained  species 
distribtition  will  be  one  dimensional  instead  of  point 
measurements.  First  results  of  these  investigations 
ex|M!cto'  within  the  next  few  months. 
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INTRODUCTION 

Recent  progress  in  laser  optical  diagnostics  pro¬ 
vides  the  scientist  and  engineer  with  the  capability 
for  remote,  nonintrusive,  in-situ,  spatially  and  tempo¬ 
rally  precise  measurements  of  important  parameters 
in  flame  study.  Application  of  holographic  interfer¬ 
ometry  to  temperature  measurements  in  flames  has 
been  demonstrated  as  a  viable  means  in  engineering 
practices  |l-5|.  Nevertheless,  the  deflection  of  light 
in  a  homogeneous  medium  arises  from  refractive  in¬ 
dex  gradients,  which  in  turn  arise  from  a  combination 
of  density  (primary  factor)  and  composition  changes 
across  the  flow  field  being  observed.  Often  the  ef¬ 
fect  of  composition  changes  on  the  previous  applica¬ 
tions  of  holographic  interferometry  to  the  tempera¬ 
ture  measurements  in  flames  was  either  neglected  |4| 
or  assumed  by  a  simpler  relationship  |2|  owing  to  lack 
of  distribution  information  of  species  composition. 

The  relation  between  refractive  index  and  tem¬ 
perature  can  be  found  from  the  ideal  gas  law  and  the 
Gladstone- Dale  relation  [6|.  For  a  mixture  of  gases 
the  ideal  gas  law  is  expressed  by 

p{r)  ^  Pj2M.T,(r)/\RT{r)\  (1) 

i 

where  p(r)  and  T{r)  are  the  density  and  absolute  tem¬ 
perature  at  the  position  of  r,  respectively;  P  is  the 
presure,  R  is  the  universal  gas  constant,  and  Xi(r)  and 
M,  arc,  respectively,  the  mole  fraction  and  molecu¬ 
lar  weight  of  the  ith  species  in  the  gas  mixture.  The 
Gbidstone-Dale  relation  gives  the  dependence  of  re¬ 
fractive  index  on  density  as  follows. 

'»('•)  -  •  =  P{r)  KiXi(r)  (2) 

I 

where  n(r)  is  the  refractive  index  at  the  position  of 
r,  and  K,-  is  the  Gladstone-Dale  constant  of  the  ith 
species.  Combination  of  Eqs.  (I)  and  (2)  yields 


perature  distribution  of  a  premixed,  lean  propane-air 
flame  (the  equivalence  ratio  —  0.S5)  by  using  holo¬ 
graphic  interferometry.  He  argued  that  the  values  of 
53  KiXi  of  the  reactants  and  products  vary  by  less 
than  2%  in  the  flame;  he,  then,  assumed  the  constant 
value  of  53  ^1*1  throughout  the  flame. 

The  Gladstonc-Dale  constants  of  the  species  com¬ 
posed  of  the  propane-air  flame  for  the  ruby  laser  wave¬ 
length  694.3  nm  are  listed  in  Table  1  |7|.  Obvi¬ 
ously,  the  variations  of  K  values  are  significant  for 
different  species;  the  constant  assumption  for  53 
may  bring  in  errors  in  temperature  measurements 
using  holographic  interferometry.  South  and  Hay¬ 
ward  |2|  assumed  that  53  KiXi  varied  linearly  in  terms 
of  mixture  fraction  from  the  reactants  to  the  prod¬ 
ucts  through  the  flame  in  the  absence  of  experimen¬ 
tal  measurements  of  species  composition.  As  we  will 
And  later,  the  species  composition  distributions  are 
much  complex  than  the  linear  form  in  some  kinds  of 
flame.  The  assumption  of  linear  dependence  may  be 
too  rough  to  obtain  adequately  accurate  temperature 
results  for  all  flames. 


Table  1  Gladstone-Dale  constants 


Species  K  (q/mf) 
Air  6.284 

CO  7.460 

(70}  9.940 

N,  3.096 

UjO  5.602 


Spedes  L<_  {gjjvfi 

CHa  9.831 

C}/f}  13.071 

Cj//4  15  890 

Cs/fs  23.986 


The  objective  of  this  study  is  to  investigate  the 
effect  of  composition  changes  on  temperature  mea¬ 
surements  by  holographic  interferometry.  To  achieve 
this  objective,  the  distribution  information  of  species 
composition  should  be  also  measured  in  the  study. 
The  precision  of  the  holographic  interferometry  is  de¬ 
termined  by  comparing  with  the  temperature  mea¬ 
surements  obtained  with  thermocouple. 


n(r)  -  1  =  P  5^  MiXi[r)  Yi  KiXi(r)/\Rr{r)\  (3) 

t  i 

Apparantly,  the  relationship  of  temperature  and  re¬ 
fractive  index  is  a  function  of  species  composition  as 
described  in  Eq.  (3).  Reuse  |4|  measured  the  tem¬ 


EXPERIMENTAL  METHODS 

The  test  apparatus  consists  of  a  Bunsen  burner 
of  20  mm  i.d.  injecting  vertically  upward  within  a 
screened  enclosure  (one-layer  of  24-mesh  screen  500 
huff  square  and  800  mm  in  height)  to  reduce  effects 
of  room  disturbances.  The  99%  purity  of  propane 
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is  used  as  the  gaseous  fuel.  The  radially  symmetric, 
laminar  premixed  propane-air  flames,  stationary  in 
unconRned  air,  are  investigated. 

A  double-exposure  holographic  interferometer  is 
used  to  obtain  the  interferograms.  A  3  J  ruby  pulse 
laser  serves  as  a  coherent  light  source.  The  inter¬ 
ferograms  Me  analyzed  by  a  video  digitizer  and  the 
sectional  distributions  of  fringe  number  are,  then,  ob¬ 
tained.  Temperature  measurements  are  also  made 
ivith  a  bare  thermocouple  using  25  /im  diameter  Pt 
Ve;;sus  Pt  10%  Rh  wire.  Temperature  corrections  due 
to  radiation  loss  in  this  high-temperature  domain  of 
interest  need  to  be  made  and  follow  the  estimation 
procedure  specified  In  Ref.  8.  The  thermocouple  is 
mounted  on  a  two-dimensional  traversing  gear  that 
allows  it  to  be  moved  horizontally  through  the  flames 
to  obtain  temperature  profiles  and  vertically  along 
the  axial  direction. 

The  gas  analysis  is  performed  by  using  a  gas 
chromatograph  with  thermal  conductivity  detector. 
A  tapered  quarts  microprobe  with  a  small  sonic  inlet 
is  used  for  gas  sampling  to  allow  rapid  decompression 
and  withdrawal  of  the  sample  to  a  cool  region  outside 
the  flame  for  analysis.  The  microprobe  is  inserted 
into  the  flame  along  the  flow  streamline  for  sampling 
to  avoid  the  disturbance  of  the  flame.  Twelve  species 
including /Vj,  Oj,  CO,  CO2,  ffj,  Cf/4,C2ff2,  C2/f4, 
CjHn,  CgH^,  and  Cs/fs  are  analyzed  in  this 

prqrk.  Details  of  gas  chromatographic  measurements 
are  referred  to  Ref.  ft.  One  major  combustion  prod¬ 
uct,  ffjO,  cannot  be  detected  with  the  thermal  con¬ 
ductivity  detector.  The  local  water  vapor  content  can 
be,  however,  estimated  by  the  measured  species  com¬ 
position  through  the  relationship  for  the  conservation 
of  atoms. 

RESULTS  AND  DISCUSSION 

Two  cases:  fuel  lean-flame  and  fuel-rich  flame  are 
studied  and  summarized  in  Table  2.  Prelimary  study 
(9|  reveals  that  the  flame  structures  of  these  two  cases 
are  quite  different.  Figure  1  shows  schematically  the 
flame  structures  of  the  lean  and  rich  cases.  Clearly, 
the  rich  flame  has  a  much  complicated  structure  than 
that  of  the  lean  flame.  The  C!ladstone-Dale  constant 
of  the  reactants  for  the  rich  flame  is  calculated  from 
the  propane-air  mixture  of  the  given  equivalence  ra¬ 
tio,  iwhile  the  Gladstone-Dale  constant  of  the  product 
fof  the  rich  flame  is  calculated  from  the  assumption 
of  complete  combustion.  For  the  case  of  lean  flame, 
the  constants  of  the  reactants  and  the  products  are 
calculated  with  the  given  equivalence  ratio.  These 
K  values  are  listed  in  Table  3.  Clearly,  the  varia¬ 
tions  of  K  value  are  much  significant  in  the  rich  flame 
than  those  in  the  lean  flame.  Comparison  of  compo¬ 
sition  distributions  between  the  rich  and  lean  flames 


Table  2 

Test  conditions 

Flame  type 

Rich 

Lean 

Equivalence  ratio* 

1.90 

0.64 

Reynolds  number 

58 

765 

Inlet  temperature  (K) 

350 

350 

T  molM  ratio  of  fuel  to  air /stoichiometric  molar 
ratio  of  fuel  to  air. 

*  based  on  the  inlet  conditions. 


(a)  futl'laaif  flana 


t.  pr<»-:oi4>ust1on  zont 


hot  gas  boundary 
flaiM  front 


r(ii«i) 


Fig.  1  Schematics  of  flame  stnicture 


Table  3  Gladstone-Dale  constants  of  the  mixture 


Flame  type  Rich  Leajl 

H  for  the  reactants  (g/m()  5.320  4.660 

ff  for  the  products  (a/mf)  4, .580  4.511 

|9|  provides  an  explanation  to  this  substantial  differ¬ 
ence.  The  lean-flame  structure  is  relatively  simple  |9) 
and  can  be  described  by  an  one-dimensional  model 

E  which  assumes  that  the  reaction  course  through 
flame  zone  is  a  function  of  a  single  distance  pa¬ 
rameter.  This  implies  that  the  linear  assumption  of 
53  KiXi  between  the  reactants  and  products  may  be 
applicable  to  the  interferometric  temperature  recon¬ 
struction  of  the  lean  flame.  On  the  other  hand,  the 
composition  variation  in  the  rich  flame  is  more  com¬ 
plicated  than  that  in  the  lean  flame  as  shown  in  Ref. 
9.  It  is  reasonably  speculated  that  the  composition 
effect  on  interferometric  temperature  measurements 
may  be  much  significantly  in  the  rich  flame  than  in 
the  lean  flame. 

Three  different  f(  distributions  are  used  to  re¬ 
construct  the  interferometric  temperatures. 

Tf.  linear  interpolation  of  /f  at  the  axis  {l<  of  the 
reactants)  and  at  the  hot  gas  boundary  (K  of 
the  products) 

T2:  uniform  distribution  using  K  of  the  products 
Tfi  uniform  distribution  using  K  of  the  reactants 
iThe  reconstructed  interferometric  temperatures  ob¬ 
tained  with  these  three  K  distributions  are  plotted 
In  Fig.  2  and  compared  with  the  thermocouple  mea¬ 
surements  at  the  axial  station  of  z  =  12  mm  for  the 
lean  and  rich  flames.  Note  that  both  thermocouple 
temperatures  with  and  without  corrections  to  radia¬ 
tion  loss  are  presented  in  Fig.  2.  Generally,  the  agree¬ 
ments  between  the  interferometric  and  thermocouple 
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(a)  fual-laan  flam 


(b)  (uel-rlch  flaae 


Fie.  2  Comparison  of  InterfcrometrU  temperatures 

(without  consideration  of  composition  effect) 
with  thermocouple  temperature  at  s  »  if  i"" 

(with  correction  to  radiation  loss)  temperatures  are 
satisfactory,  in  particular  for  TjS.  The  interferomet¬ 
ric  temperatures  using  the  linear  K  distribution  is 
within  60  K  (3.1%)  of  the  thermocouple  tempera¬ 
tures.  On  the  other  hand,  no  satisfactory  agreements 
between  the  interferometric  and  thermocouple  tem¬ 
peratures  are  obtained  in  the  rich-flame  case.  One 
inference  can  be  drawn  that  the  effect  of  composition 
change  on  K  has  to  be  considered  in  reconstruction 
procedure  of  interferometric  temperatures  for  the  rich 
flame  which  exhibits  a  complicated  flame  structure. 

To  validate  this  inference,  the  effect  of  compo¬ 
sition  changes  is  taken  into  account  in  temperature 
reconstruction,  that  is,  K  values  are  determined  with 
the  measured  concentration  information  provided  in 
Ref.  9.  Figure  3  compare  the  interferometric  tem¬ 
perature  reconstructed  by  real  K  distributions  with 
the  thermocouple  temperatures  at  axial  station  of 
*  -  12  mm  for  both  lean  and  rich  flames.  It  shows 
that  these  interferometric  temperatures  are  in  excel¬ 
lent  agreements  with  the  thermocoouple  tempeatures 
with  corrections  to  radiation  loss.  It  is,  then,  con¬ 
cluded  that  composition  effect  on  temperature  mea¬ 
surements  using  holographic  interferometry  is  neces¬ 
sarily  considered  as  applying  to  the  case  of  premixed 
rich  flame. 
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INTROnUCTION 

In  this  paper,  an  experimental  and  numerical  study  of  ve¬ 
locity  and  temperature  fields  in  model  swirling  combustors  has 
been  conducted.  With  the  emphasis  on  the  experiment,  a  large 
amount  of  experimental  results  has  been  gained.  The  purpose 
of  this  paper  is  to  help  the  design  ol  combustors  and  the  de¬ 
velopment  of  numerical  modeling. 

TIIF,  EXPERIMENTAL  APPARATUS 

Two  model  combustors  have  been  designed  Tor 
measurement  of  both  velocity  and  temperature  Ticlds.  The  first 
one,  which  is  made  of  plexiglass,  is  Tor  cooling  conditions.  The 
second,  which  is  made  ol  high  temperature-resistant  steel,  is 
for  reacting  flow.  For  the  latter,  an  air-cooling  system  has 
been  designed  to  protect  the  combustor  wall  firom  the  high 
temperature  resulting  From  combustion.  Some  primary  holes 
have  been  designed  around  both  combustors,  so  that  the  sec¬ 
ondary  airflow  can  be  introduced.  In  addition  to  the  above 
mentioned,  the  exit  area  of  the  combustor  for  isothermal  flow, 
thus  the  convergent- ratio  of  the  exit  area  to  the  combustor's 
cross-section  area,  can  be  changed.  These  two  sirnffliried 
combustors,  with  some  spccinc  sixes  and  sections  for 
measurement  designated  in  the  diagram,  are  shown  in  Fig.l 
(l).(2) 


(I) 


12  3  4 


(2) 


Fig.l  Schematic  of  model  combustors 

(1)  For  isothermal  flow 

(2)  For  reacting  flow  (  The  cooling  system  has 
been  removed) 

In  the  study,  two  vane  swirlers,  with  the  swirling  number 
S  being  0.6  and  3.2,  have  been  used.  A  fuel  noxxle,  which  has 
many  small  holes  with  a  certain  angle  to  give  uniform  fuel  in- 
lection,  has  been  specially  designed  for  swirling  dilTusion  com¬ 
bustion.  In  this  case,  the  acetylene  has  been  used  as  the  gase¬ 
ous  fuel  Both  airflow  and  acetylene  can  be  respectively  con- 
Itolled  in  a  convenient  way. 

A  small  sixe  seven-hole  probe  has  been  used  for 
measurement  of  velocity.  Two  kinds  of  high  temperature 
thermocouples  have  been  used  to  measure  the  temperature 
field  in  the  combustor. 

THE  ISOTHERMAL  EXPERIMENT 

In  this  experiment,  isothermal  swirling  lloiys  without  or 
srith  secondary  airflow  have  been  created.  The  effect  of  several 
fhetors  on  the  flow,  such  as  the  convergent-ratio(R),  the  swirl 
number  (S),  and  the  flow-rate  ratio  of  primary /secondary 
(G),  has  been  studied. 

The  experiment  shosrs  that  the  sixe  (both  length  and 
svidth)  of  the  recirculation  xone  in  the  combustor  is  highly  de¬ 
pendent  on  the  swill  number  S  and  convergent-ratio  R.  Fig.2 
(1X2)  is  the  profile  of  the  axial  velocity.  The  S  it  3.2  in  both 
eases.  It  it  clearly  teen  that  the  site  of  the  rediculation  xone 
diangea  tignineantly.whea  the  convergent-ratio  it  increased. 
Noteworthy  is  the  shape  of  the  recirculation  xone  which  it  dif- 
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Fig  2  The  proFik  of  ixial  velocity 


mciitt  in  our  study  indicate  that  the  Tomiation  of  recirculation 
aonc  ia  combined  icauh  of  both  primary  and  secondary  flows. 
Only  with  an  appropriate  secondary  flow  rate  ,  as  well  as  suit¬ 
able  numbers  of  primary  holes,  can  the  recirculation  rone  be 
strengthed. 


(1) N=I2,G  =  I.5.S  =  0.6 

(2) N  =  6,  G  =  2.3.S  =  0.6 


(1) R=0.5,S-3.2 

(2) R=I.O,S  =  32 

(3) R-I.0.S  =  0  6 

The  profile  of  axial  velocity  with  different  S  is  demon¬ 
strated  in  Fig. 2(3).  The  sire  of  the  recirculation  zone  is  obvi¬ 
ously  smaller  when  S  decreases,  though  at  the  first  section,  the 
reverse  velocity  it  larger  in  (3)  than  in  (2).  In  case  (2),  more  ki¬ 
netic  energy  it  used  in  tangential  direction  due  to  stronger 
twirling  flow. 

The  effect  of  different  flow  rate  ratios  of  primary  to  sec¬ 
ondary  airflowt  on  the  flow  field  hat  been  studied  under  dif¬ 
ferent  conditions,  such  as  different  primary,  holes,  different 
measurement  seetiont,  different  secondary  flow  rales,  etc. 
Fig.3  presents  only  two  eases. 

At  can  be  teen  In  (I),  when  the  flow-rate  mtio  G  it  I.S 
and  the  primary  holes  N  era  12,  the  reciiculation  zone  is  of 
annular  shape,  whieb  is  similar  to  one  without  a  aecondary 
flow.  Whereaa  in  (2),  when  the  primary  holes  am  <  and  the 
flow  rate  of  the  second  airflow  it  smaller,  the  recirculation 
rone  is  greatly  Inereated  and  It  of  a  central  shape.  The  eaperi- 


TIIE  RF.ACTING  FI-OW  EXPF.RIMF.NT 

In  the  experiment  with  the  reacting  flow,  the  temperature 
field  in  the  combustor  it  measured  for  flow  conditions  with  or 
without  secondary  airflow  and  different  flow  rale  ratios  of  fuel 
to  airflow  (F). 

When  there  it  no  secondary  air  flow  through  primary 
holes,  the  temperature  profile  is  given  in  Fig.4(l),  as  an  exam¬ 
ple.  At  can  be  teen,  the  temperature  profile  of  each  section 
shows  a  greater  gradient  and  higher  temperature  zone  is  near 
the  central  line  of  the  combustor.  The  experiment  with  twirl¬ 
ing  number  3.2  was  also  conducted  .The  retullt  indicate  that 
the  shape  of  the  temperature  profile  remains  the  same  with 
different  S,lhough  the  value  and  its  gradient  at  the  same  sec¬ 
tion  are  somewhat  different. 

Flg.4(2)  (3)  is  the  experiment  results  when  the  flow  rate 
ratios  of  primary  to  aecondary  airflows  are  different.  It  can  be 
seen  from  the  profile  that  when  the  secondary  airflow  is  intro¬ 
duced  through  primary  holes,  an  annular  high  temperature 
rone  forms,  and  that  makes  the  temperature  profile  more  uni¬ 
form. 
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The  value  of  G  (the  flow  rate  ratio  of  primary  to  aecoa- 
dary  llowt)  hat  a  very  important  effect  on  the  temperature 


temperature  profile  are  not  at  uniform  when  the  ratio  of  fuel 
to  airflow  decreatet. 

THE  NUMERICAL  CALCULATION 

At  a  preliminary  work  in  thit  pretent  paper,  part  of  the 
numerical  calculation,  mainly  for  the  itothermal  twirling  flow 
and  twirling  reacting  flow  without  tecondary  airflow,  hat  been 
carried  out.  The  'SIMPLE'  method,  which  hat  been  widely 
uted,wat  employed.  In  the  calculation,  a  k-t  two-cquation 
turbulent  model  and  a  k-t-g  reaction  model  for  dilTuiion 
combuttion  were  uted. 


Fig.4  The  profile  of  temperature 

(1)  No  tecondary  airflow,  F -  2.76(  x  1000) 

(2) O-l.3,F-3.25(xl000) 

(3) a-l.4,F-2.(7(xlOOO) 

proflle  of  each  tection.  For  etample,  when  G  equalt  to  1.6,  the 
temperature  proflle  Mill  hat  itt  peak  value  near  the  central  line 
at  lection  3,  whereat  the  temperature  proflle  hat  iti  peak  value 
at  lection  2  when  G  it  1.3.  The  annular  recirculation  zone  it  in 
agreement  with  what  wat  mcaiured,  at  menthmed  above,  by 
the  leven-bolc  probe  under  cooling  condhioni. 

The  experimentt  alto  reveal  the  temperature  gradient  de- 
ereaiei  at  the  mme  leetion  under  the  tame  G  and  that  the 


Fig.5  The  comparision  of  calculated  A  experimental  results 

(1)  The  axial  velocity  profile,  S  =  3.2,  R^I.O 

(2)  The  temperature  profile,  S-0.6,  F  =  1.0{xI000) 

Fig.S  prescnti  only  tome  of  the  calculated  results.  (I)  is 
the  comparision  of  velocity  proflle  gained  by  both  experiments 
and  calculations  under  cooling  condition.  (2)  is  the 
comparision  of  temperature  profile  with  the  reacting  flow.  A 
lot  of  retuitt  in  our  calculations  are  qualitatively  in  agreement 
with  the  experimental  retuitt.  Thit  luggetti  that  the  calcula¬ 
tion,  including  various  physical  models,  needs  to  be  flirther 
improved. 
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INTRODUCTION 

Recent  measurements  of  turbulent  methane-air 
nonpremixed  flames  by  Masri  ef  al.  [1)  showed  high 
levels  of  CO  concentrations  (peak  value  ~  9%  mass 
fraction)  that  cannot  be  explained  by  steady  state 
laminar  flamelet  results  (peak  value  ft:  5%).  This 
disagreement  raises  a  fundamental  question  about 
the  general  validity  of  flamelet  concept  in  model¬ 
ing  turbulent  nonpremixed  flames.  Mauss  et  al.  |2) 
suggested  that  the  unsteady  nature  of  the  flamelets 
could  be  responsible  for  CO  mass  fractions  as  high  as 
7%  during  the  reignition  process  for  mixture  that  has 
been  extinguished  temporarily.  In  this  paper,  an  al¬ 
ternative  explanation  of  such  high  CO  mass  fractions 
is  offered  using  a  perfectly-stirred-reactor  (PSR)  de¬ 
scription  of  turbulent  jet  nonpremixed  flames. 


Jb=l 

^  Q 


(2) 


/>1" 


where  Ij.  is  the  mass  fraction  of  the  Irth  species;  U  j,, 
the  molecular  weight;  \'  the  reactor  volume;  tr'*,  the 
molar  rate  of  production  rate;  h*,  the  specific  en¬ 
thalpy;  Q,  the  reactor  heat  loss;  t  =  pV/m,  the 
residence  time  with  m  being  the  mass  flow  rate  of 
reactor;  Cp,  the  mass-weighted  specific  heat;  super¬ 
script  the  inlet  condition.  These  two  equations  are 
solved  by  CHEMKIN  II  and  LSODE  |5l  subroutine 
programs  developed  at  Sandla. 


RESULTS  FORM  STEADY  STATE  PSR 


PERFECTLY-STIRRED  reactor  (PSR) 

In  order  to  understand  the  complex  chemical  re¬ 
actions  occurring  in  turbulent  jet  flames,  a  phenomeno¬ 
logical  model  has  been  proposed  by  Broadwcll  and 
Breidenthal  [3]  to  treat  a  turbulent  nonpremixed  jet 
flame  as  an  ensemble  of  well  mixed  zones  that  are  sep¬ 
arated  by  diffusion  layers.  The  well  mixed  zones  are 
approximated  by  a  PSR,  which  can  include  detailed 
chemical  kinetics.  Such  a  model  offers  the  ability  to 
predict  complex  chemical  kinetic  behavior  but  uses 
simplified  fluid  mechanical  models,  such  as  overall 
entrainment  laws.  A  detailed  model  has  been  de¬ 
veloped  by  Lutz  el  al.  [4|  to  study  NO,  formation  in 
turbulent  nonpremixed  jet  flames.  According  to  their 
model,  much  of  the  jet  has  zones  of  the  well-mixed 
fluids.  Therefore,  for  simplicity,  we  may  represent 
the  jet  in  a  Lagrangian  sense  by  a  single  PSR  that 
evolves  downstream. 


The  governing  equations  for  the  PSR  at  constant 
pressure  are  given  by 


dl 


=  -;(n-JV)  + 


» 
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(1) 


To  explore  the  possible  high  CO  concentrations 
that  can  result  from  a  PSR,  we  obtain  the  steady 
state  PSR  outlet  concentrations  al  various  residence 
times  using  a  42-step  Cl  methane  kinetic  mechanism 
from  Smooke  ef  al.  |6]  for  mixture  fractions  0-0.11 
(the  stoichiometric  value  for  methane=0.055).  The 
predicted  profiles  of  temperature  and  CO  versus  resi¬ 
dence  time  are  shown  in  Figure  1.  For  stoichiometric 
mixture,  as  residence  time  decreases  below  70  mi¬ 
croseconds,  the  outlet  temperature  drops  suddenly  to 
inlet  temperature  indicating  the  reactor  is  unable  to 
sustain  combustion.  As  the  reactor  approaches  this 
flame-out  condition,  CO  concentration  increases.  In 
Figure  2,  the  maximum  CO  mass  fractions  are  plot¬ 
ted  versus  mixture  fraction  and  compared  to  the  ex¬ 
perimental  data  from  Masri  et  al.  (Ij.  Also  shown 
in  the  figure  are  the  steady  state  opposed  jet  laminar 
flame  results  at  high  and  low  strain  rates.  The  steady 
stale  PSR  results  show  that  the  maximum  CO  con¬ 
centration  increases  from  lean  mixtures  toward  the 
stoichiometric  mixture  (at  f=0.055)  and  continues  to 
increase  until  CO  reaches  its  9%  peak  at  /  =  0.085  or 
equivalence  ratio  1.6.  Beyond  /  =  0.085,  CO  drops 
in  richer  mixtures,  and  eventually  the  reactor  cannot 
sustain  combustion  for  very  rich  mixtures. 
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Rtftadv  State  PSR  Calculations 
(CH4+Air  Smooke  Mech.(1988) ) 


Steady  State  PSR  Calculations 


Fig.  1.  Outlet  temperature  and  CO  concentration 
profiles  versus  residence  time  for  a  methane-air  PSR 
with  compositions  near  the  stoichiometric  mixture. 
Note  the  increase  in  CO  as  the  residence  time  de¬ 
creases. 


Mixture  Fraction,  f 

Fig.  2.  CO  mass  fractions  versus  mixture  fraction 
for  a  turbulent  methane-air  jet  flame  near  extinction. 
Also  plotted  are  maximum  CO  concentrations  ob¬ 
tained  for  a  steady  state  PSR  with  various  mixtures, 
— A — ,  and  opposed  jet  flame  results  at  o  =  100/s, - 
- ,  a  =  300/s - — ,  and  a  =  450/s - . 


It  is  evident  that  the  CO  levels  predicted  by  the 
PSR  are  much  higher  than  those  from  the  steady 
state  flamelet  results.  More  importantly,  the  max¬ 
imum  CO  concentration  is  comparable  to  that  from 
experiments  and  has  its  peak  approximately  at  the 
same  equivalence  ratio.  For  methane  combustion, 
the  rich  mixtures  are  almost  inert  because  radicals 
are  consumed  rapidly  by  methane  as  pointed  out  by 
Bilger  (7).  In  turbulent  jets,  mixing  of  these  rich  mix¬ 
tures  and  the  Iran  mixtures  is  likely  to  occur  and 
may  result  In  mixtures  that  are  too  rich  for  combus¬ 
tion.  Such  extinct  mixtures  can  contain  high  levels 
of  CO  and  the  limiting  values  can  be  represented  by 
a  straight  line  connected  between  the  peak  CO  mass 
fraction  from  the  PSR  and  the  rero  point  at  /  =  1. 
We  observe  some  experimental  data  outside  this  ex¬ 
treme  limit.  Although  one  cannot  rule  out  possible 
experimental  errors,  the  high  CO  levels  could  be  at¬ 
tributed  to  the  unsteady  state  behavior  of  a  PSR,  as 
shown  next. 

UNSTEADY  PSR  RESULTS 

To  simulate  the  unsteady  behavior  of  a  PSR  in 
a  turbulent  environment,  a  transient  PSR  is  calcu¬ 
lated  with  varying  residence  times.  For  illustration, 
we  start  out  a  PSR  calculation  with  the  steady  state 
compositions  at  a  residence  time  not  too  far  from  its 
flame-out  condition.  We  drop  the  residence  time  tem¬ 
porally  for  a  short  duration  to  a  level  at  which  the 
reactor  cannot  sustain  combustion  at  steady  state. 
This  change  of  residence  time  corresponds  to  a  con¬ 
dition  of  rapid  turbulent  mixing  which  causes  flame 
extinction.  The  residence  time  is  then  increased  to 
a  high  level  simulating  a  slow  mixing  condition  at 
which  the  temporally  extinguished  combustible  mix¬ 
ture  will  be  re-ignited.  Figure  3  shows  the  results 
from  such  a  transient  PSR  calculation.  When  the 
residence  time  drops  for  a  duration  7xl0~'s,  the  CO 
concentration  increases  initially  and  decreases  as  the 
reactor  is  unable  to  sustain  combustion  due  to  the 
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Fig.  3.  Unsteady  state  response  of  a  PSR  to  varying 
residence  time  with  a  mixture  of  equivalence  ratio  1.1 
or  /  =  0.066.  Note  the  overshoot  of  CO  concentra¬ 
tion  after  increase  of  residence  lime  at  t  =  8.il0'  *s- 
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low  residence  time  as  evident  by  the  temperature  de¬ 
crease.  As  the  residence  time  increases  to  1000  mi¬ 
croseconds  at  t=8xl0"*'a,  we  observe  an  overshoot  of 
CO  which  is  very  similar  to  that  obtained  from  the 
unsteady  state  flamelet  results  by  Mauss  et  al.  |2|. 
The  corresponding  OH  and  Hj  histories  are  also  sim¬ 
ilar  to  those  from  transient  flamelet  results  during 
extinction  and  re-ignition. 

CONCLUSION 

A  PSR  description  of  turbulent  jet  flames  is  used 
to  provide  another  plausible  explanation  for  the  ob¬ 
served  high  CO  concentrations  in  turbulent  methane 
nonpremixed  jet  flames  near  extinction.  The  maxi¬ 
mal  CO  mass  fractions  obtained  from  a  steady  state 
PSR  can  be  as  high  as  9%  at  equivalence  ratio  1-6. 
Calculations  of  a  transient  PSR  subject  to  sudden 
changes  of  residence  times  indicate  an  overshoot  of 
CO  during  the  re-ignition  process  similar  to  that  ob¬ 
tained  from  a  unsteady  flamelet.  It  is  concluded  that 
the  observed  high  CO  concentrations  could  be  also 
resulted  from  a  PSR  type  flame  and  that  the  struc¬ 
ture  of  turbulent  methane  nonpremixed  jet  flames 
cannot  be  inferred  alone  from  the  observed  high  CO 
concentrations. 
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Infroduction 

In  many  combustors  as  these  of  RAMJET  and  Turbojet  engines,  a  combustion  zone  is 
stabilized  by  a  flow  recirculation.  In  particular,  this  is  the  case  when  obstacles  such  as  vee 
gutters  or  wedges  are  used.  In  this  situation  the  combusdon  process  is  controlled  by  numerous 
parameters  related  to  local  transport  properties,  turbulent  musing,  flow  geometry  and  chemical 
kinetics.  Due  to  the  complexity  of  such  a  reacting  flow  and  in  view  of  numerical  calculanons. 
there  is  a  need  of  sit.iplification  which  is  usually  satisfied  by  defining  limiting  regimes 
controlled  by  a  fewer  numbers  of  parameters.  The  goal  of  this  work  is  to  characterize 
experimentally  the  different  kinds  of  Umiang  combusdon  regimes  that  can  be  found  in  the  flow 
downstream  of  a  wedge.  Clearly,  it  is  e.xpected  that  not  only  one  limidng  combustion  regime  is 
necessary  to  describe  the  entiie  flowfield  where  the  combustion  prtxtcss  take  place.  On  an  other 
way  il  should  be  noted  that  numerical  model  arc  usually  mainly  based  on  one  limiting 
Combustion  regime  and,  accordingly,  are  more  adapted  to  describe  a  pan  of  the  entire 
combustion  process.  Another  goal  of  this  work  is  to  provide  a  better  knowledge  of  the  exact 
flow  structure  thus  i)  to  indicate  the  exact  region  where  a  given  model  should  be  applied,  ii)  to 
provide  test  points  for  numerical  computation,  iii)  to  emphasize  the  need  for  setting  new  models 
in  some  specific  regions. 

Eiiperimental  conditions 

A  schematic  representation  of  the  flow  configuration  is  given  in  Rg.  1.  A  two 
dimensional  flow  is  obtained  in  a  rectangular  section  adiabatic  channel,  made  of  refractory 
ceramic,  whose  width  is  d  =  16  cm  and  hight  h  =  3  cm.  In  this  channel  a  stainless  steel  wedge 
whose  blokage  ratio  is  33  %  is  positionncd.  This  two  dimensionnal  configuration  was  chosen 
in  order  to  facilitate  funher  comparison  with  numerical  studies.  To  perform  2D  L.D..A. 
measurements  and  reaction  zone  visualisations,  windows  are  positionncd  on  both  side  of  the 
channel  and  upstream  and  downstream  of  the  stainless-steel  wedge.  The  incoming  flow  is 
made  of  a  turbulent  propane  air-mixfu-e  of  controlled  ^uel-air  ratio.  The  intensity  of  mrbulence 

I  = -  measured  on  the  plane  of  symetry  of  the  channel  in  the  usptream  flow  is  Sfi.  Mean 

0 

velocity  and  turbulence  intensity  profiles  arc  given  in  figure  2.  Mean  temperature  measurements 
can  be  obtained  by  using  Chromel-Alumel  thermocouples  (25  (i  <  0  <  200  n). 
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Figure  1 


Figure  2 


In  this  experimental  device  a  staiionnary  combustion  zone,  anchored  downstream  of  the 
wedge  is  obtained,  for  various  values  of  the  blockage  ratio,  the  total  mass  flow  rate  and  the 
fuel-air  ratio  tp  of  the  incoming  mixture. 


The  results  presented  in  this  abstract  have  been  obtained  for  a  blockage  rabo  of  33%,  an 
equivalence  ratio  tp  =  0.67  which  corresponds  to  the  lowest  practical  value  for  a  stable 
combustion  to  be  obtained,  a  total  massflow  rate  m  =  177  per  hour.  The  mean  experimental 
2D  flow  fields  obtained  under  these  conditions  are  given  in  fig.  2  concerning  the  flow  upstream 
of  the  wedge  and  fig.  3  concerning  the  downstream  flow.  The  corresponding  mean  velocity 
field  obtained  with  a  downstream  stationnary  combustion  is  presented  in  fig.  4.  As  already 
observed  in  previous  studies  (cf.  nUM/U)  the  extension  of  the  recirculation  zone  is  longer  in 
this  latter  case,  (Approximately  3  times  longer  than  in  the  cold  flow). 


Figure  3 


Figure  4 


A  combustion  layer  is  located  in  the  peripherical  p,-in  of  the  recirculation  zone.  Going 
from  the  back  side  of  the  wedge  to  the  exhaust  of  the  reactor,  .is  shown  in  figure  I.  using 
temperature  and  velocity  profiles  together  with  combustion  zone  visualisations,  three  types  of 
combustion  regimes  have  been  exhibited  : 

-  A  turbulent  mixing  layer  where  combustion  is  chemically  controlled. 

-  A  flame  front  whose  relative  normal  velocity  is  of  the  order  of  magnitude  of  the  flame 
burning  velocity  of  the  mixture. 

■  A  turbulent  combustion  region 

Die  mechanisms  of  flame  spread  involved  in  the  two  first  regions  seem  similar  to  these 
already  described  by  Marble  and  Anderson  /3/  and  Williams  /4/.  The  third  combustion  region  is 
currently  under  investigation  and  identification  (well  stirred  reactor  ?  flamelets  regime  7). 
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(*)1 


A  detailed  desciipdon  and  analysis  of  the  combustion  process  are  beyond  the  scope  of 
this  abstract  and  will  be  given  in  the  full  version  of  the  paper. 
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OBJECTIVES  AND  METHODS  OF  MEASUREMENT 

In  Industrial  burner  engineering,  different 
swirl  generators  are  used  to  produce  turbulent 
diffusion  flames.  The  design  of  the  swirl  gen¬ 
erating  system  controls  the  velocity  profiles 
of  the  different  flow  components  at  the  burner 
exit.  The  velocity  profile  of  the  tangential 
component  Is  critical  as  It  controls  the  type 
of  vortex  In  swirl  flow.  Tests  were  made  to 
correlate  the  type  of  vortex,  turbulent  Jet 
properties  and  turbulent  flame  properties  by 
velocity,  temperature  and  concentration  meas¬ 
urements  . 

Swirl  was  produced  by  a  tangential  combustion 
air  injector  swirl  generator  (design  TA),  an 
axial  blade  grid  swirl  generator  (design  AS), 
a  radial  blade  grid  swirl  generator  (design 
RS)  and  a  "movable  block"  swirl  generator  (de¬ 
sign  MB),  as  depicted  In  Fig.  1.  To  create 
Identical  conditions  for  testing  the  different 


swirl  generators,  they  were  designed  for  In¬ 
corporation  Into  the  same  burner  body.  The 
swirl  Intensity  could  be  changed  continuously 
by  variation  of  the  blade  angle  with  the  swirl 
generators  BS  and  AS  and  by  variation  of  the 
mixing  ratio  of  tangential  -  to  axial  -  flow 
air  with  the  swirl  generator  TA.  Fixed  and 
movable  blocks  formed  radial  and  tangential 
slots  by  pairs  with  the  design  MB.  The  ratio 
of  the  cross-sections  of  the  tangential  and 
radial  slots  and  In  this  way  the  swirl  Inten¬ 
sity  could  be  varied  by  turning  the  movable 
blocks  against  the  fixed  blocks. 

Velocities  were  measured  by  a  Laser  doppler 
flowmeter  and  two  thermocouples  were  employed 
for  temperature  measurement.  Concentrations 
were  measured  by  a  physical  gas  analysis  meth¬ 
od.  The  degree  of  swirl  was  varied  for  the 
tests.  The  air  ratio  of  the  turbulent  flames 
was  I . 1 . 
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The  swirl  Intensity  Is  characterized  by  the 
swirl  number  So  and  the  theoretical  swirl  num¬ 
ber  So.th.  These  nondlnenslonal  numbers  repre¬ 
sent  axial  flux  of  swirl  momentum  devlded  by 
axial  flux  of  axial  momentum,  times  the  radius 
of  the  burner  exit.  The  flux  of  swirl  momentum 
Is  calculated  from  experimental  data  In  case 
of  swirl  number  So.  Using  the  design  data  of 
the  swirl  generators  like  vane  angles,  nozzle 
and  hubdlameters  etc.  ,  the  flux  of  swirl  mo¬ 
mentum  may  be  determined  theoretically  neglec¬ 
ting  the  swirl  momentum  losses  on  the  way  be¬ 
tween  the  swirl  generator  and  the  burner  exit. 
With  this  theoretical  flux  of  swirl  momentum 
the  theoretical  swirl  number  Is  formed.  The 
values  of  the  described  swirl  numbers  are  In 
good  agreement. 

The  velocity  measurements  were  concentrated 
near  the  burner  exit  as  there  the  clearest  ef¬ 
fects  of  the  swirl  generator  construction  on 
the  flow  field  were  expected.  The  minimum  dis¬ 
tance  between  the  burner  exit  plane  and  the 
lowest  measuring  plane  was  5  mm. 

VORTEX  CHARACTERIZATION 

Fig.  2  shows  the  tangential  velocity  distribu¬ 
tions  for  generator  designs  RS  and  TA  at  a 
distance  of  x/D  =  0.1  from  the  burner  as  a 
function  of  the  degree  of  swirl.  As  the  degree 
of  swirl  Increases,  the  velocity  peak  moves 
towards  the  outer  flow  edge  In  the  case  of  the 
RS  swirl  generator,  while  the  Jet  centerline 
vortices  tend  to  lose  their  solid-body  charac¬ 
ter.  For  high  degrees  of  swirl,  the  curvature 
of  the  velocity  distribution  Is  positive. 


In  case  of  the  design  TA  the  tangential  veloc¬ 
ity  distribution  develops  different.  The  loca¬ 
tion  of  the  peak  velocity  Is  nearly  Independ¬ 
ent  of  the  degree  of  swirl.  A  solid-body  vor¬ 
tex  does  not  develop  at  any  degrees  of  swirl. 
The  distribution  always  has  a  positive  curva¬ 
ture.  In  the  outer  flow  region,  the  tangential 
velocity  profiles  are  very  similar  for  the 
different  swirl  generator  designs.  Here  the 
Influence  of  the  swirl  Intensity  predominates 
compared  with  the  Influence  of  the  swirl  gen¬ 
erator  design.  The  swirl  flow  characteristics 
must  therefore  be  correlated  with  the  swirl 
generator  design  by  the  distribution  of  the 
tangential  velocity  near  the  Jet  centerline. 

This  distribution  may  be  described  by  the 
function  given  In  the  right-hand  side  graph  of 
Fig.  Z  for  all  swirl  generators  and  all  de¬ 
grees  of  swirl.  The  modified  solid-body  vortex 
function  accounts  for  the  positive  curvature 
of  the  velocity  profile  near  the  centerline  by 
the  Incorporation  of  radius  r*  which  marks  the 
fictitious  zero  point  of  the  solid-body  vor¬ 
tex.  The  linear  rise  of  the  tangential  veloci¬ 


ty  distribution  Is  described  by  the  gradient 
C.  The  radius  r*  and  the  gradient  C  may  be  ob¬ 
tained  by  linear  regression  from  the  velocity 
profile  at  the  Jet  exit. 

The  two  coefficients  are  plotted  In  Fig.  3  as 
a  function  of  the  degree  of  swirl  and  of  swirl 
generator  design  for  Isothermal  turbulent 
Jets.  The  left-hand  side  graph  of  Fig.  3  shows 
the  distribution  of  gradient  C,  which  Is  very 
similar  for  the  radial  flow  designs  RS  and  MB, 
with  a  nearly  constant  gradient  at  low  swirl 
intensities  and  a  strong  Increase  at  high  de¬ 
grees  of  swirl.  The  change  In  gradient  Is  en¬ 
tirely  different  for  design  TA,  with  a  strong 
Increase  at  low  swirl  Intensities  and  stagna¬ 
tion  at  high  degrees  of  swirl.  The  Increase  Is 
linear  In  the  case  of  design  AS. 


The  right-hand  side  graph  of  Fig.  3  shows  the 
distribution  of  the  normalized  radius  r*.  R  Is 
the  radius  of  the  burner  exit.  Except  the  de¬ 
sign  TA  radius  r*  increases  continuously  with 
the  degree  of  swirl.  The  linear  regression 
provides  negative  values  In  case  of  the  de¬ 
signs  RS  and  MB  and  weakly  swirled  Jets.  The 
values  for  the  designs  TA  and  AS  are  positive 
at  any  degree  of  swirl,  that  means  the  tangen¬ 
tial  velocity  distributions  always  possess  a 
positive  curvature  near  the  Jet  centerline. 
The  differences  between  swirl  flows  generated 
by  the  four  swirl  generator  designs  remain 
similar  If  the  chemical  reactions  are  accoun¬ 
ted  for. 

The  reason  for  the  similar  vortex  characters 
of  the  designs  RS  and  MB  Is  caused  by  the  con¬ 
structions  of  these  swirl  generators.  In  both 
cases  the  combustion  air  flow  runs  through  the 
swirl  generator  In  the  radial  way  and  Is  de¬ 
flected  subsequently  In  the  vertical  direc¬ 
tion. 


EXPERIMENTAL  DATA 

Figs.  4  to  8  plotting  experimental  data  show 
the  effect  of  the  swirl  generator  design  and 
the  swirl  flow  produced  on  the  properties  of 
the  turbulent  Jets  and  the  turbulent  flames. 
Fig.  4  depicts  the  radial  size  of  the  backflow 
region  at  a  distance  of  x/D  =  1.0  from  the 
burner.  In  general  the  radial  size  Increases 
with  the  degree  of  swirl.  The  backflow  region 
Is  largest  for  swirl  generator  designs  RS  and 
MB.  Different  backflow  regions  are  generated 
by  designs  TA  and  AS.  If  the  curves  are  extra¬ 
polated  for  low  degrees  of  swirl,  the  Inter¬ 
sections  of  the  curves  and  the  abscissa  re¬ 
present  the  critical  degrees  of  swirl  at  which 
the  backflow  sets  In  for  the  plane  considered. 
These  critical  degrees  of  swirl  are  lower  for 
designs  RS  and  MB  than  for  designs  AS  and  TA. 
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The  length  of  the  backflow  region  Is  obtained 
from  the  zeropolnt  of  the  axial  velocity  dis¬ 
tribution  on  the  Jet  centerline.  Fig.  5  shows 
the  values  for  the  Isothernal  swirl  Jets  and 
the  swirl  flanes  plotted  as  a  function  of  the 
degree  of  swirl.  The  values  are  normalized  by 
the  diameter  of  the  burner  exit.  The  design  RS 
produces  the  longest  backflow  regions.  In  the 
Isothermal  case  the  maximum  length  Is  about 
four  times  the  exit  diameter.  The  shortest 
backflow  regions  are  produced  by  the  designs 
TA  and  AS.  The  Increase  In  the  length  of  the 
backflow  region,  as  the  degree  of  swirl  In¬ 
creases  (Fig.  5).  reflects  the  Increase  In 
gradient  C  for  the  different  swirl  generators. 
If  the  combustion  reaction  Is  accounted  for. 
the  length  of  the  backflow  region  decreases, 
but  the  qualitative  differences  between  the 
swirl  generators  remain  the  same. 


The  Investigated  swirled  Jets  and  flames  were 
highly  turbulent.  The  Influence  of  the  vortex 
type  on  the  turbulence  structure  will  be  shown 
for  the  example  of  the  turbulent  normal  stress 
of  the  tangential  component.  High  Intensities 
of  turbulence  occur  In  the  regions  of  the  gra¬ 
dients  of  the  mean  velocities.  For  each  degree 
of  swirl  maximum  Intensities  of  turbulence  may 
be  determined.  These  maximum  values  are  plot¬ 
ted  In  Fig.  6  as  a  function  of  the  swirl  In¬ 
tensity  for  each  swirl  generator.  The  change 
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In  the  maximum  Intensity  of  turbulence  of  the 
tangential  component  corresponds  to  the  varia¬ 
tion  of  gradient  C  as  a  function  of  swirl  In 
the  Immediate  vicinity  of  the  burner. 
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Fig.  7  Decay  ol  MaRlmufn  Methane  Concentration 
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The  similarities  between  designs  RS  and  MB 
were  also  confirmed  by  the  concentration  meas¬ 
urements.  Fig.  7  shows  the  decrease  In  the 
maximum  methane  concentration  In  the  turbulent 
flame  for  a  distance  of  up  to  x/D  =  2.0  from 
the  burner.  As  the  methane  concentration  drops 
more  quickly  In  the  cases  of  designs  AS  and 
TA,  the  flames  produced  by  burners  fitted  with 
these  swirl  generators  are  shorter  (Fig.  8). 


CONCLUSION 

The  type  of  vortex  produced  by  a  swirl  genera¬ 
tor  may  be  described  by  a  solid-body  vortex 
approach.  The  type  of  vortex  produced  Is  re¬ 
flected  by  velocity  profile  and  concentration 
measurements.  If  the  type  of  vortex  produced 
by  swirl  generators  are  similar,  the  proper¬ 
ties  of  the  turbulent  flames  will  be  compara¬ 
ble. 
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ABSTRACT 

This  paper  presents  the  performance 
characteristics  of  a  new  swirl  burner  which 
employs  multi-start  helical  grooves  for 
swirl  generation.  Hence  the  burner  designa¬ 
tion,  Helical  Swirl  Burner,  HSB.  Burner 
design  considerations  and  pressure  drop 
across  the  swirler,  swirl  strength,  flow 
field  characteristics,  mean  temperture 
and  species  concentration  in  flames  measured 
inside  and  near  quarl  exit  zone  are  discus¬ 
sed. 


The  main  feature  of  the  helical  swir¬ 
ler  is  . that  the  swirl  intensity  can  be 
varied  by  varying  the  helix  angle  as  inde¬ 
pendent  design  parameter.  The  higher  the 
helix  angle,  the  lower  is  the  level  of 
swirl  generation.  The  design  consideration 
is  such  that  for  the  given  swirler  helix 
angle,  the  pitch  number  is  sufficient  to 
ensure  adequate  overlap  between  the  resul¬ 
ting  curved  vanes  so  as  to  facilitate  effec¬ 
tive  flow  deflection  (swirl  generation) 
and  the  pressure  drop  throug  the  swirler 
is  optimally  low. 


BURNER  FEATURES 

The  burner  employed  comprises  a  heli¬ 
cal  swirler  unit  of  diameter  D  =  42  mm 
tightly  fitted  in  a  pipe  of  ID  =  42  mm, 
a  central  stainless  steel  fuel  pipe  of 
ID  u  to  mm  protruding  through  the  swirler, 
and  a  15°  quarl  of  height  h  =  D  mounted 
at  a  downstream  distance  of  D/2  from  the 
swirler  face.  The  swirler  unit  is  fabricated 
by  cutting  three-start  helical  groove.s 
of  helix  angle  17.6*  and  depth  10  mm  on 
an  aluminium  rod  for  a  full  pitch  length, 
1  r  D  l.e.,  for  pitch  number,  PN  =  1.  Figure 
1  shows  the  details  of  HSB  studied  in  the 
present  work. 


FIG.t.  HELICAL  SWIRL  BURNER 


From  the  measurements  made  for  cold 
flow  it  is  found  that  the  swirling  flow 
at  the  quarl  exit  is  of  Rankine  type  [Ref.lJ. 
The  central  recirculation  zone  (CRZ)  is 
seen  to  extend  up  to  a  length  of  X/D  = 
2.7  from  the  qu^l  exit  which  is  comparable 
with  the  measurements  of  movable  block 
swirl  generator  [Ref. 2).  The  swirl  strength 
measured  was  found  to  increase  from  S  x 
0.8  to  1.27  over  the  range  -of  input  flow 
rates,  V  =  28.7  to  57.6  m^/h,  which  can 
be  explained  by  Reynolds  number  dependency 
of  the  flow  inside  the  swirler  device. 

The  present  experimental  work  is 
carried  out  to  obtain  information  on  pres¬ 
sure  drop  across  the  swirler  and  the  species 
concentration  levels  inside  the  quarl  and 
near  burner  exit  zone. 


EXPERIMENTAL 


Free  natural  gas  Jet  flames  of  through¬ 
put  up  to  15  n.vh  were  studied.  When  axial 
fuel  is  injected  directly  into  the  spiral¬ 
ling  air  Jets,  HSB  is  seen  to  produce  com¬ 
pact  pre-mlxed  type  flames.  The  burner 
operating  range  is  assessed  by  determining 
the  blow-off  limits.  The  pressure  drop 
across  the  swirler  was  measured  by  wall 
static  pressure  taken  by  1  mm  hole  ID  dis¬ 
tance  upstream  of  the  swirler  unit  with 
a  Betz  manometer.  The  flame  gases  were 
analysed  continuously  for  stable  flue  gas 
species  namely  CO,  CO  ,  H-0,  CH„  (Infrared 
absorption),  H,  (thermal  conductivity), 
0,  (paramagnetisml  and  NO  (chemiluminescence 
using  water  cooled  (70"^)  stainless  steel 
suction  probe  (ID  =  1.5  mm).  The  gas  tempera¬ 
tures  were  obtained  by  thermocouple  measure- 
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merits.  The  temperature  signals  of  the  un¬ 
coated  thermocouple  (lOOUm,  Pt-PtRh  lOt) 
were  corrected  for  radiative  heat  trans¬ 
fer. 


The  pressure  drop  (A  P)  variation 
across  the  swirler  unit  is  found  to  be 
parabolic  with  respect  to  input  flow  rate. 
The  wall  static  pressure  (mmWC)  at  ID  up¬ 
stream  of  the  three-start,  full  pitch  and 
17.6°  swirler.  was  found  to  vary  with  air 
throughput,  V  (mvh)  according  to  the 
relation: 

Ap  =  67.65  .  .  .  (1) 

In  the  presence  of  flames  with  input 
equivalence  ratio34i=  0.75,  1.0  and  1.25,Ap 
was  found  to  be  slightly  higher  by  not 
more  than  10  mm  WC  when  operated  over  the 
range  of  swirling  flows  upto  80  m^/h.  The 
preliminary  measurements  conducted  showed 
that  the  pressure  drop  is  smaller  consi¬ 
derably  for  a  higher  helix  angles.  Detailed 
measurements  to  study  the  influence  of 
pitch  number  and  helix  angle  on  pressure 
drop  and  swirl  generation  are  currently 
in  progress. 


Figure  2  presents  the  flame  stability 
diagram  of  natural  gas  Jet  flames  from 
HSB.  Lean  blow-off  data  for  gas  throughput 
V_  upto  6.8  mvh  and  also  the  stable  flames 
ooserved  at  higher  Vp  are  shown  in  the 
diagram.  Here,  Vp  refers  to  fuel  flow  rate 
at  toil  mbar  and  15°  C,  and  ♦  is.  input  equi¬ 
valence  ratio  [ ( V  / V  ) / ( V  / V  ) s toich . ] . 
Stability  limits  at  signer  fnel  flow  rates 
could  not  be  obtained  due  to  the  limitation 
of  the  air  flow  capacity  of  the  swirler 
employed.  However,  it  is  Interesting  to 
note  that  stable  flames  of  150  kW  thermal 
load  can  be  held  in  this  compact  burner. 


From  the  species  concentration  measure¬ 
ments  for  the  input  stoichiometric  condition 
(Fig. 3)  it  can  be  concluded  that  the  central 
quarl  zone  is  filled  with  recirculated 
products  and  unburnt  fuel  but  that  there 
is  practically  no  free  oxygen.  These  fuel 
rich  conditions  and  the  lower  level  of 
temperature  favour  low  level  of  NO^  . 

The  combustion  is  seen  to  proceed  faster 
above  the  quarl  exit,  as  evidenced  from 
the  increased  level  of  temperature. 

The  concentration  profile  of  CO^ 
also  points  out  the  closure  of  the  recir¬ 
culated  zone.  The  fuel  burnout  is  seen 
to  be  fairly  complete  at  the  plane  corres¬ 
ponding  to  X/D  =  3-  The  generation  of 
is  confined  to  the  thin  she  r  layer  region 
between  the  fuel  rich  internal  recirculation 
zone  and  the  swirllt^  air  Jets. 


Fig.3.  Axial  variation  of  Temperature 
And  Species  Concentration 

^  =  1.0, Vp  =10. Tm^/h, Natural  gas 

can  be  drawn  from  the  axial  species  concen- 
tr.ation  profile.  For  the  .s.Tme  fuel  input 
and  1))  =  1.2,  the  fuel  burnout  is  seen  to 
be  delayed  beyond  quarl  exit  in  contrast 
to  the  opposite  trend  noted  for  lean,  41  = 
0.8.  operating  condition. 

It  can  bn  concluded  that  the  .swirl 
burner  system  under  investigation  is  suitable 
for  low  NO^  emission  combustion  for  the 
operating  conditions  reported  in  this  work. 
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I.  Introduction 

The  accuracy  of  laser  techniques  In  gas  flows  with 
combustion  3rielding  heterogeneous  temperature  and 
species  concentration  gradients  can  be  Gmited  by  beam 
deviation  when  the  light  passes  through  a  Rowing  fluid  with 
non-homogeneous  refractive  index.  The  measuring  volume 
is  displaced  and  deformed,  and  may  even  not  exist  in  the 
case  of  laser-Doppler  anemometry,  if  the  beams  do  not 
intersect  due  to  asymmetric  displacements.  This  work 
proposes  a  way  to  overcome  this  problem  in  the  case  of  a 
flat  axisymmetric  counter  flow  diffusion  flame,  (Fig.  1). 


Fie.  1:  Geometry  of  the  flow.  The  flame  is  formed  in  the 
vicinity  of  a  stagnation  plane  established  by  the 
counterflows  of  oxydant  and  fuel 

Plane,  counter  flow  diffusion  flames  are  of  great  interest  to 
combustion  research  yielding  a  closer  understanding  of 
combustion  mechanisms.  They  also  constitute  suitable  test 
cases  for  the  investigations  of  the  interactions  between 
fluid  mechanics  transport  properties  of  combusting  gases 
and  the  resulting  chemical  kinetics.  Indeed,  the  overall 
shape  of  the  resultant  flame  is  simple^  (he  flow  is  laminar 
and  the  resultant  flame  is  fairly  easy  to  stabilize  in  the 
stagnation  region  of  (he  counter  flowing  jets. 

Plane,  counter  flow  diffusion  flames  have  been  extensively 
employed  to  study  (he  effects  of  straining  on  combustion 
and  have  provided  useful  informatiou  for  the  so  called 
'flamelct  model"  (see  Peters  (1984)),  and  particularly  for 
the  "Coherent  Flame  Model"  (Marble  and  Broadweit 
(1977)),  now  used  to  predict  turbulent  combustion. 

Experimental  and  theoretical  aspects  of  flat  counter  flow 
diffusion  flames  have  been  studied  by  many  authors.  Theo¬ 
retical  studies  are  generally  based  on  a  potential  flow 
theory  description  of  the  flow  field,  as  proposed  by  Lccicrc 
(1950),  Spalding  (1961),  or  Rosenhead  (1966).  The 


potential  flow  theory  yields  the  following  relationships  for 
(he  velocity  distribution. 

u  =  (1  r  (I) 

V  =  ~7  tt  z  (2) 

where  u  and  v  are  the  radial  and  axial  velocity  components, 
respectively,  r  is  the  radial  and  z  the  axial  coordinate  (with 
the  origin  at  the  stagnation  point).  The  strain  rate  a  is 
given  as; 


a  =  dv/dr  (3) 

and  turns  out  to  be  constant.  Spalding  (1961)  proposed  for 
a  the  value 


n  =  Vo/D 

where  is  the  jet  velocity  and  D  the  jet  diameter. 

With  the  alHivc  idcalircd  (low  field,  the  comhii.'.tinn  is 
treated  separately,  neglecting  heat  release  effects,  and 
hence  is  treated  in  contradiction  to  the  physics  of  the  true 
physical  processes.  As  a  matter  of  fact,  no  precise 
experimental  velocity  data  are  yet  available  in  the  flow 
when  combustion  takes  place.  A  special  diffculty  is 
encoutered  with  laser-Doppler  velocimetry:  near  flames 
with  flame  thickness  of  about  0.1  mm  the  resultant  thermal 
gradients  arc  very  strong  (about  1000  K  per  mm).  They 
induce  refractive  index  gradients  that  deviate  laser  beams 
from  their  .straight-lined  trajectories  (Fig.  2). 


diffusion  flame  and  measuring  volume  dispincemeni  under 
refractive  index  gradients:  (a)  in  isothermal  homogeneous 
flosv,  (b)  in  reactive  flow  with  flame 


in -50 


2.  Eiperinwntal  Arrangcineiit 

2.1.  Test  Fullity 


The  complex  lest  facility  employed  in  this  study  is  sho«m  in 
Fig.  3  in  form  of  a  block  diagramme.  The  figure  indicates 
the  two  separate  flow  controf  lines  set  up  to  supply  the 
oxygen  and  the  fuel  to  the  oppositely  located  burner 
nozxles.  The  central  nozzles  are  surrounded  by  Nj-annular 
flows  protecting  the  actual  flame  form  disturbances  by 
chemical  reactions  due  to  the  interference  with  the 
surrounding  air.  The  protecting  N^-gas  streams  also  help 
to  reduce  externally  caused  disturbances  of  the  resuhant 
flame  sheet  and  are  essential  to  establish  flat  diffusion 
flames.  Oxygen  and  fuel  were  supplied  from  oxygen  and 
fuel  bottles.  Hj,  Ch^  and  were  employed  as  fuels. 
Each  line  also  comprised  mixing  devices  to  yield  well 
miced  fuel-Nj  or  air-Nj  mixtures  prior  to  feeding  the  flow 
through  the  nozzles.  To  control  the  mass  flow  rates  of  the 
gases,  pressure  regulators  and  minute,  chocked,  sonic 
nozzles  were  employed. 


Fie.  3:  Flow  devices  and  control:  1  Oxygen  supply,  2 
Nitrogen  supply,  3  Fuel  supply,  4  Outer  ring  flow  nitrogen 
supply,  5  Particle  .seeders  for  LDV  measurements,  Pj,  Pj 
Pressure  captors  for  flow  regulation  and  controls 

In  order  to  obtain  laser-Doppler  signals  with  combu,stion 
two  fluidized  beds  with  cyclone  generators  were  employed 
to  introduce  titanium  dioxide  or  magnesium  oxide  scat¬ 
tering  particles  to  both  flows. 


Fig.  .Sketch  of  the  optical  arrangements  used  to 
measure  the  radial  (u)  velocity  component  in  the  case  ol 
flat  diffusion  flame,  1  He-Ne  laser,  2  LDV  transmission 
optic  with  double  Bragg  cell,  3  Bragg  cell  power  supply,  4 
Burners,  5  Light  collecting  lens  with  light  slop  for  the 
incident  laser  beams,  6  Pinhole,  ^  Photodetector,  8 
Photodetector  and  preamplifier  power  supply,  9  LDA 
counter,  10  Oscilloscope,  11  Computer 

In  order  to  me.asure  the  axial  component  of  the  velocity  in 
the  flow  with  combustion  the  optical  arrangement  of 
conventional  forward  scattering  were  employed.  Close  to 
the  flame  front  (t-  1.0  mm),  no  Doppler  bursts  were 
detected  by  the  photomultiplier.  Thermophoresis  effects 
are  the  cause  of  the  apparently  particle  free  zone  close  to 
the  flame. 

3.  Results  and  Discussions 

Ihe  flow  between  the  nozzles  of  Fig  3  was  studied 
extensively.  In  Ihe  present  paper  the  experimental  results 
are  reported  that  correspond  to  different  nxiiil  and  radial 
locations  in  the  flow  with  the  flame.  For  the  presentation 
of  the  results,  the  point  r^O,  z=0  is  chosen  to  be  located 
on  the  flow  axis  and  at  equal  distances  1-1/2  from  Ihe 
burners.  The  flow  rate  was  controlled  in  order  to 
reproduce  the  following  outlet  conditions: 

strain  rate  a^  24  sec  '  as  defined  by  formula  (4) 

equivalence  ratio  0  =  1 

equal  flow  momentum  for  both  jets 

3.1.  Flow  Field  with  Combustion 


To  perform  complete  velocity  profile  measurements,  Ihe 
burner  test  rig  was  traversed.  The  displacement  of  the 
burner  a.ssembly  relative  to  Ihe  spatially  fixed  optical 
system  was  provided  by  two  stepping  motors  monitored  by 
the  computer  through  a  serial  line  and  a  special  motor 
driver. 

2.2.  Lnser-Onppler  .System 

The  laser-Doppler  anemometer  (LDA)  optical  unit 
consisted  of  a  double  channel  LDV-syslem.  A  periscope 
allowed  the  optical  axis  to  be  perpendicular  to  Ihe  flame 
surface  (Fig  4).  The  incident  beam  separation  was 
reduced  to  70  mm  in  orderl  nt  cross  the  lower  burner 
through  a  glass  wall  after  going  through  a  300  mm  focal 
length  lens. 

The  receiving  optics  are  placed  with  an  angle  of  90*  to  the 
optical  axis.  In  order  to  also  assure  sufTicieol  scattered 
light  for  this  90'-scallering  arrangement  a  4  W  Ar-lon 
laser  was  employed.  The  length  of  Ihe  measuring  volume 
was  about  S  mm.  Calculations  showed  that  Ihe 
displacement,  due  to  Ihe  presence  of  refractive  index 
gradients,  of  that  part  of  Ihe  measuring  volume  (diameter 
about  300  llm)  that  was  focused  onto  Ihe  photomuhiplier 
was  less  than  70  Itm  in  the  vertical  direction  and  could  be 
neglected  compared  to  Ihe  length  of  the  control  volume. 


The  results  now  presented  arc  obtained  with  a  hydrogen- 
air  diffusion  flame. 
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Eig.  5;  Radial  profiles  of  the  u  radial  component  of  the 
velocity,  z^  and  z,  are  the  stagnation  point  and  Ihe  flame 
position  respectively,  in  a  coordinate  system  with  Ihe  origin 
z-.0BtH/2. 

Fig.  5  shows  radial  velocity  profiles  as  a  function  of  radius  r 
for  several  values  of  Ihe  axial  coordinate  z.  Experimental 
data  and  filled  curves  are  displayed.  The  strain  rate  (i.e. 
Ihe  radial  velocity  gradient),  is  found  to  be  a  linear 
function  of  Ihe  radial  position,  for  z  equal  constant,  as 
predicted  by  the  theory.  The  detailed  measurements  show 
that  the  local  strain  rale  is  also  a  function  of  z. 

Fig.  6  provides  the  distribution  of  the  v  (axial)  component 
of  Ihe  velocity  field  in  radial  direction  at  different  z 
locations.  At  the  nozzle  outlets  they  present  Ihe  same 
behaviour  as  a  previous  cold  flow  measurement.  In 


approaching  the  reaction  region  they  become  more 
uniform  due  to  the  increasing  strain  rate. 


Fib.  ^  Radial  proHles  of  the  v  axial  component  of  the 
velocity  at  different  z  locations 

Fig.  7  displays  the  axial  (v)  component  of  the  velocity  in  z 
direction  at  different  r  locations.  The  velocity  increase  due 
to  thermal  expansion  is  recognized  at  both  sides  of  Zg  and 
Zp  which  are  the  axial  coordinates  of  the  stagnation  plane 
and  the  flame  position,  respectively.  The  interrupted  range 
of  these  curves  shovn  the  area  where  Doppler  bursts  do 
not  exist  due  to  the  thermophoretic  effects. 


Fig,  7;  Axial  profiles  of  the  v  component  of  the  velocity  at 
different  r  locations 


4.  LDV-LBD  Coupled  System 


Fie.  S;  LD V  optical  arrangement  with  lase.r  beam  position 
sensor  for  simultaneous  velocity  and  density  measure¬ 
ments. 


With  the  current  optical  conFiguration,  only  the  velocity 
components  parallel  to  the  flame  front  can  be  measured 
directly  in  the  reaction  region.  To  determine  the  axial  (v) 
velocity  component  in  this  zone,  the  mass  conservation 
equation  can  be  applied  in  conjunction  with  direct 
measurements  of  the  radial  (u)  component  of  the  velocity 
and  density  measurements.  For  a  simultaneous  measure¬ 
ment  of  the  velocity  and  density  fields,  a  two  colour  laser  it 
applied  (Ar-lon  laser).  The  green  beam  of  the  laser  is  used 
for  veloeimetry  as  decribed  above  and  the  density  is 
determined  from  the  blue  beam  deviation,  delected  ^  a 
position  tensor.  The  optical  arrangement  it  shown  in  Fig 
8,  Local  density  can  be  calculated  from  the  laser  beam 


deviation  with  an  Abel  integral  transform  in  an 
axisymmelric  flow  field  according  to  the  formula 


dr 


dr  +  Pi 


(5) 


4.1.  Experimental  results 

the  experimental  conditions  were  chosbn  as  follows:  burner 
separation  H  =  16  mm,  nozzle  diameter  D  =  20  mm, 
theoretical  flow  strain  rate  a  =  24  s'*;  the  equivalence  ratio 
of  the  hydrogen-air  diffusion  flame  was  equal  to  unity. 
With  this  setting  the  entire  was  investigated.  As  an 
example  the  result  corresponding  to  a  radial  deviogram  is 
reported,  measured  at  the  flame  surface.  Fig.  9  shows  the 
density  curve  as  a  result  of  the  Abel  inversion  of  the  fitted 
radial  deviagram.  The  flat  central  part  of  this  curve 
indicates  the  high  temperature  flame  surface. 


Fig,  9:  *  +  +  Density  c.ilculaled  by  Abel  inversion  of  filled 
radial  deviogramme 
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Turbulent  flow  and  combustion  processes  are 
three-dimensional  in  nature  revealing  large- 
and  small-scale  structures  in  the  flow  and 
combustion  field .  Those  coherent  structures 
play  an  important  role  in  the  development  of 
turbulence  and  also  for  the  interaction  of 
flowfield  and  chemistry  in  combustion  [1,2], 
Their  existence  can  easily  be  seen,  e.g., 
from  Schlieren  pictures,  providing,  however, 
only  qualitative  information.  For  modelling 
purposes  and  thus  for  a  better  understanding 
of  the  phenomena,  quantitative  analysis  is 
necessary.  Using  point-measurement  techniques 
with  quantitative  potential,  two-  and  three- 
-dimenslonal  structures  cannot  be  resolved 
easily.  Extending  these  techniques,  however, 
by  forming  a  light  sheet  and  detecting  the 
signal  intensity  within  this  sheet  by  a  two- 
-dimensional  photo-electrical  detector,  the 
required  informations  can  be  obtained  for  a 
large  number  of  fundamental  applications,  but 
also  for  a  few  more  technical  situations. 
Well-established  quantitatively  working  laser 
techniques  providing  high  spatial  and  tempo¬ 
ral  resolution  are  laser-induced  fluorescence 
(LIF)  and  the  laser  scattering  techniques 
(Mie,  Rayleigh,  Raman)  [3],  Here,  those  tech¬ 
niques  are  discribed  which  in  our  Institute 
are  applied  to  the  investigation  of  com¬ 
bustion  processes. 


Fig.  1;  Diesel  distribution  within  the  light 
sheet  at  2.6  deg  after  injection  be¬ 
gin 


MIE  SCATTERING 


Combustion  in  Diesel  engines  is  almost 
unknown.  Its  performance  depends  strongly  on 
the  quality  of  the  mixing  process  of  the  in¬ 
jected  Diesel  fuel  with  the  previously  filled 
air  charge.  The  efficiency  of  the  combustion 
process  within  the  engine  chamber  and  thus 
also  the  reduction  of  emissions  of  hydrocar¬ 
bons  and  of  soot  can  be  improved  by  the  im¬ 
provement  of  the  mixing  and  evaporizing  pro¬ 
cess  during  fuel  injection  and  before  ig¬ 
nition  starts.  For  the  development  of  sui¬ 
table  calculation  codes,  the  injection  and 
evaporizing  process  is  going  to  be  investiga¬ 
ted  experimentally  in  a  mixing  chamber  and  in 
a  real  engine  as  well  [4] . 


Using  a  two-dimensional  laser  Mie 
scattering  probe  the  distribution  of  Diesel 
fuel  within  the  engine  chamber  can  be  detec¬ 
ted.  In  a  first  step  this  has  been  done 
qualitatively  in  a  test  chamber.  Finally  it 
will  be  performed  quantitatively  within  the 
combustion  chamber  of  a  real  direct-injection 
(DI)  Diesel  engine.  First  test  measurements 
indicate  the  suitability  of  the  measurement 
system  providing  a  temporal  resolution  of 
4  X  10”  mm^ .  The  fundamentals  of  the  tech¬ 
nique  are  given  in  connection  with  the  used 
setup  configuration  and  the  evaluation  method 
based  on  particle  Mie  theory.  As  an  example. 


Fig.  2;  Line  profile  across  the  Diesel  di¬ 
stribution  of  Fig.  1  after  lineari¬ 
zation  of  the  characteristics  of  the 
intensity  values 
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Fig.  3;  2d-Rayleigh  temperature  measurement 
in  the  post-reaction  zone  of  a  me¬ 
thane/air  flame 


Fig.  1  shows  tha  dotoctod  distribution  of  tho 
spray  droplets  in  form  of  a  two-dimensional 
intensity  distribution  at  a  particular  time 
position  after  injection  begin  and  Fig.  2  the 
evaluated  line  profile  across  the  droplet 
sample  shown  in  Fig.  1. 

Using  the  Mie  laser  probe,  besides  the 
local  distribution  of  Diesel  droplets  or  the 
liquid  phase  within  the  measurement  area  also 
information  on  the  statistical  droplet  size 
distribution  is  required.  Due  to  the  problems 
of  Hie  sizing  in  engine  situations  a  new 
approach  is  going  to  be  tested  taking  into 
account  the  dependance  of  Mie  intensities  on 
refractive  index,  particle  shape  and  multiple 
scattering  by  using  reference  jets  with  the 
same  features  as  the  Diesel  spray.  The  am¬ 
biguity  of  Mie  intensity  on  particle  size  in 
particular  size  regions  is  another  problem  to 
be  solved.  This  may  be  overcome  by  using 
different  wavelengths  of  an  Argon  laser  si¬ 
multaneously  . 

RAYLEIGH  SCATTERING 

Non-instrusive ,  instantaneous,  quanti¬ 
tative  gas  density  and  temperature  measure¬ 
ments  can  be  performed  by  laser  Rayleigh 
scattering  (5,6].  In  general,  Rayleigh  mea¬ 
surements  are  restricted  to  clean  flows.  Gas 
density  determination  is  possible  for  known 
or  constant  gas  composition  over  the  flow- 
field  and  temperature  determination  for  con¬ 
stant  pressure.  Gas  concentration  measure¬ 
ments  can  be  done  in  binary  gas  mixtures  with 
constant  or  known  gas  density.  For  many  prac¬ 
tical  applications  of  interest  those  condi¬ 
tions  are  met. 

By  forming  a  laser  beam  to  a  2-d  light 
sheet  and  collecting  the  intensity  distri¬ 
bution  within  the  sheet  by  using  a  2-d  photo- 
alectrical  detector,  instantaneous  2-d  con¬ 
centration,  density  or  temperature  measure¬ 
ments  are  possible  providing  as  well  quali¬ 
tative  visualization  as  quantitative  results 
over  an  extended  flow  or  cu  hustion  field  of 
interest  [5,7].  The  application  of  this  tech¬ 
nique  is  shown  in  selected  flow  and  com¬ 
bustion  situations.  As  most  of  the  published 
results  are  more  qualitative  in  nature, 
emphasis  of  the  first  stage  of  our  work  is 
laid  on  the  quantitative  evaluation  of 
2d-Rayleigh  images.  This  is  done  in  laminar 
flames  in  comparison  to  point  measurement 
techniques.  Future  steps  will  be  related  to 


engine  [4]  and  to  combustor  measurements  [8] . 
Figure  3  gives  an  example  for  flame  tempera¬ 
ture  measurements  taken  in  the  post-reaction 
zone  of  a  premixed  methane/air  flame  (Re  = 
4.34  X=  1.16). 

RAMAN  SCATTERING 

Raman  scattering  is  the  technique  with 
the  most  extended  application  range.  Usable 
for  all  gas  molecules  of  interest,  in  general 
it  can  be  utilized  for  temperature  and  con¬ 
centration  measurements  as  well  [9].  It 
suffers,  however,  from  its  weakness,  which 
did  not  allow  so  far  planar  temperature  mea¬ 
surements.  Recently  we  performed  a  feasibili¬ 
ty  study  indicating  that  under  high  pressure 
conditions  (engine  measurements)  those  mea¬ 
surements  could  be  possible. 
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Coherent  anti-Stokes  Raman-Scattering  (CARS) 
has  been  used  successfully  since  several 
years  for  the  determination  of  temperature 
and  concentration  in  combustion  processes. 
For  this,  mostly  the  rotational-vibrational 
energy  states  of  the  molecules  have  been 
used  for  probing  the  population  difference 
between  these  levels  in  order  to  determine 
the  temperatures  and  number  densities  (vi¬ 
brational  CARS),  see  e.g.  [1,2].  Alterna¬ 
tively,  the  pure  rotational  energy  levels 
within  the  vibrational  ground  state  of  the 
molecules  can  be  used  for  the  same  purposes 
(pure  rotational  CARS).  In  particular  com¬ 
bustion  situations,  e.g.  high  pressure  app¬ 
lications,  rotational  CARS  may  provide  some 
advantages  over  vibrational  CARS  (3,4). 

Using  pure  rotational  CARS,  in  gas  mix¬ 
tures  simultaneous  multiple  species  measure¬ 
ments  are  possible  as  nearly  all  molecules 
of  interest  own  rotational  CARS  contribu¬ 
tions  within  a  narrow  spectral  range.  On  the 
other  hand  this  feature  may  complicate  a 
temperature  and  concentration  evaluation  due 
to  interferences  between  different  molecules 
when  using  the  conventional  line  integration 


fig.  1;  Calculated  pure  rotational  CARS 
spectrum  for  a  gas  mixture  of  60%  N,, 
6%  0,,  6%  CO,,  5%  CO,  3%  H,  and  20% 
H,0.  Gas  temperature;  1500  K.  Addi¬ 
tional  contributions  by  random 
noise  (Poisson  statistics) . 


technique  (LTT)  [5].  The  difficulty  in  sepa¬ 
rating  the  different  contributions  can  be 
overcome  by  using  the  Fourier  analysis  evalu¬ 
ation  technique  (FAT)  [5,6].  Here,  first  re¬ 
sults  will  be  presented  using  this  technique 
for  the  evaluation  of  experimentally  obtained 
rotational  CARS  spectra  in  high  temperature 
regions  of  premixed  methane-air  flames  where 
only  nitrogen  is  available  for  the  evaluation 
process,  and  for  concentration  and  tempera¬ 
ture  determination  in  the  mixing  region  of 
partially  premixed  methane-air  flames  with 
surrounding  air  where  besides  nitrogen  also 
oxygon  can  be  used.  The  expected  advantages 
of  pure  rotational  CARS  over  vibrational  CARS 
in  high  pressure  situations  will  be  con¬ 
sidered  theoretically  and  experimentally. 

For  the  evaluation  of  pure  rotational 
CARS  spectra  two  different  approaches  may  be 
used.  Using  conventional  line  integration 
technique  (LIT)  [7],  the  gas  temperature  can 
be  found  from  a  least  square  fit  between  the 
experimental  data  and  the  calculated  spectral 
intensity  distribution  of  the  total  integra¬ 
ted  peak  areas  of  the  individual  rotational 
lines.  This  approach  does  not  exploit  the 
specific  periodic  structure  of  rotational 


T=1750K 
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Fig.  2:  Comparison  of  expei imentally  ob¬ 
tained  pure  rotational  CARS  spec¬ 
trum  taken  in  the  high  temperature 
region  of  r  premixed  methane-air 
flame  with  t  calculated  spectrum 
for  pure  nitrogen  at  1750  K. 
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Experimental  Spectra 


Calculated  Spectra 


Fig.  3:  Comparison  of  experimentally  obtained  pure  rotational  CARS  spectra  taken  in  the  mixing 
zone  of  a  partially  premixed  flame  with  surrounding  air  for  two  different  flame  con¬ 
ditions  with  calculated  ones.  In  the  calculation  procedure,  temperature  and  ratio  of  the 
partial  pressure  of  0,  and  Nj  have  to  be  adjusted  simultaneously. 


spectra.  Using  Fourier  analysis  for  the  eva¬ 
luation  of  the  experimentally  obtained 
spectra,  the  periodicity  of  the  rotational 
CARS  spectra  offers  advantageous  possibili¬ 
ties  for  gas  temperature  and  concentration 
evaluation  over  LIT,  which  in  particular  is 
true  in  gas  mixtures  (5,6). 

In  order  to  proof  the  applicability  of 
the  FAT  technique  to  rotational  CARS  spectra 
first  tests  have  been  performed  with  simula¬ 
ted  spectra  (Fig.  1).  An  independent  eva¬ 
luation  was  done  for  nitrogen,  oxygen  and 
carbon  dioxide.  The  results  for  temperature 
and  concentration  for  50  such  randomly  calcu¬ 
lated  spectra  indicate  very  good  agreement 
between  the  input  data  and  the  calculated 
temperature  and  concentration  values:  T  t  AT 
(KJ  -  1500  i  25  (Nj)  1507  t  190  (0,1,  and 
1A92  *  110  (CO,);  C  TAC  (%]  =  60.0  -  0.6 
(N,),  6.11  -  1.0  (0,),  and  5.05  i  0.5  (CO,). 


The  FAT  technique  has  been  used  for  the 
evaluation  of  conventionally  obtained  experi¬ 
mental  rotational  CARS  spectra.  Such  spectra 
have  been  taken  in  the  post  flame  region  of  a 
premixed  methane-air  flame  generated  by  a 
flat  flame  burner  of  50  millimeters  diameter. 
The  burner  was  driven  in  two  different  ways. 
In  order  to  generate  a  well  established  high 
temperature  zone  downstream  the  flame  front 
the  burner  gas  was  premixed  to  near-stoichio¬ 
metric  conditions.  In  a  second  different 
approach  the  air  content  to  the  fuel  gas  was 
decreased  tremendeously.  This  pushed  the 
flame  to  a  more  diffusion-like  behaviour  ge¬ 
nerating  a  fluctuating  flame  body. 

Figure  2  shows  an  example  of  the  re¬ 
sults  obtained  in  the  high  temperature  region 
of  the  premixed  methane-air  flame.  Here  only 
nitrogen  has  been  taken  into  account.  Several 
of  those  measurements  were  used  for  the  tem¬ 
perature  evaluation  for  a  particular  com¬ 
bustion  situation.  The  experimental  CARS 


Air 

Height 

CARS  j 

ratio 

over 

Tt  qu  .  [  K  J 

Thermo- 

A 

Burner 

couple  [K] 

FAT  [KJ 

LIT  [K] 

0.94 

0.7d 

2260 

1780 

1811 

1743 

±  75 

+  132 

1.17 

0. 7d 

2117 

1865 

1332 

1768 

+  35 

+  119 

1.17 

O.ld 

2117 

1970 

1969 

1951 

±110 

+  181 

Table  1:  Rotational  CARS  gas  temperature  results  obtained  in  the  high  temperature  region  of  pre¬ 
mixed  methane-air  flomes  in  comparison  with  calculated  equilibrium  values  end  radiation 
corrected  thermocouple  readings.  For  both  evaluation  techniques  (FAT,  LIT)  the  results 
displayed  are  moan  and  rms  values  from  sets  of  10-30  single  temper, jture  measurements. 
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Fig.  4;  Calculated  pure  rotational  CARS 
spectrum  of  at  room  temperature. 

spectra  were  evaluated  by  both  techniques 
(LIT ,  FAT) .  For  three  different  burning  con¬ 
ditions  as  varied  by  the  flow  rate  of  methane 
and  air  the  results  are  given  in  Table  1. 

The  situation  is  much  more  complicated 
in  the  mixing  region  of  a  diffusion-like 
flame  body  with  surrounding  air.  Very  first 
results  have  been  obtained  in  the  mixing  rone 
for  three  different  situations  which  are  re¬ 
lated  tn  preheated  air  and  to  fluctuation 
regions.  Figure  3  shows  the  comparison 
between  experimental  and  calculated  spectrum 
for  two  different  temperatures  and  different 
partial  pressure  ratios  for  Oj  and  Nj. 

We  are  now  starting  to  investigate  the 
influence  of  high  pressure  on  the  evaluation 
procedures  in  comparison  to  vibrational  CARS 
and  to  calculate  more  complex  nonlinear  gas 
molecules  which  may  appear  ir  real  technical 
combustion.  As  an  example.  Fig.  4  shows  the 
calculated  pure  rotational  CARS  spectrum 
of  at  room  temperature. 

The  authors  gratefully  acknowledge  fi¬ 
nancial  support  for  the  work  by  Volkswagen- 
-Stiftung. 
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Introduction 

Our  ultimate  objective  is  the  development  of 
a  general  turbulence  and  combustion  code.  The 
first  step  describes  the  introduction  of  a 
combustion  module  inside  a  k  e  turbulent  model. 
The  theoretical  assumptions,  the  major 
hypotheses  and  the  numerical  procedure  to  solve 
this  problem  are  presented  in  a  companion  paper. 
Here,  we  address  the  experimental  investigations 
to  validate  and  document  the  modeling.  A  special 
attention  is  given  to  the  measurements  of  the 
temperature. 

CARS  TEMPERATURE  MEASUREMENTS 

The  experimental  scenario  is  the  study  of  a 
swirling  turbulent  diffusion  methane  flame.  The 
swirl  is  used  to  reduce  the  flame  dimension  and  is 
a  realistic  transposition  of  industrial  processes. 
The  20  kW  burner  is  set  vertically  to  preserve  the 
axial  symmetry  of  the  flow  ;  the  methane  is 
introduced  axially  and  the  air  tangentially  (Fig.  1). 
The  swirling  air  creates  a  central  depression 
which,  in  turn,  produces  a  recirculation  zone 
fueling  the  burning  zone  with  fresh  air  and 
maintaining  the  flame  hung  at  the  burner  nozzle. 
The  air  and  methane  flows  are  carefully  controlled 
and,  at  the  same  time,  the  Laser  Doppler 
Anemometry  (LDA)  is  run  to  accurately  restore 
the  input  velocities  profile.  This  is  a  key  point  for 
the  model  predictions,  since  these  profiles  are 
considered  to  be  the  most  sensitive  input  data. 
The  LDA  velocity  measurements  are  also 
compared  to  the  computed  velocity  field.  This 
type  of  measurement  is  broadly  used  and  is  not 
discussed  here  as  the  comparison  is  presented  in 
the  companion  paper.  We  focus  this  paper  on  the 
temperature  field  measurements  and  predictions. 

To  restore  the  temperature  field,  two 
techniques  are  used  :  thermocouple 

measurements  for  total  monitoring  and  Coherent 
Anti-Stokes  Raman  Scattering  (CARS)  for  local 
and  instantaneous  investigations. 
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Fig.  1  :  the  burner  schematic 

Despite  their  intrusive  features,  the 
thermocouple  measurements  allow  an  easy 
comparison  to  the  model  predictions.  In  general, 
the  average  temperature  values  compare 
favourably  with  the  predictions.  However,  since 
the  thermocouple  time  response  is  flow 
dependent,  both  the  turbulence  and  the 
recirculation  zone  preclude  the  reliability  of  the 
instantaneous  measurements.  In  contrario,  the 
non  intrusive,  instantaneous  CARS  measurements 
can  be  used. 

The  CARS  technique  is  now  one  of  the  most 
popular  techniques  to  measure  the  temperature 
field  and  the  basic  principles  are  well  known 
though  the  limitations  are  seldom  emphasized. 
Since,  in  our  experiment,  the  turbulence  is  high 
and  the  spatial  inhomogeneity  of  the  species 
concentration  is  large,  the  CARS  data  reduction  is 
carefully  processed  and  the  CARS  limitations 
encountered  are  examined. 
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The  ideal  measurement  configuration  for  the 
best  results  |1 1  is  the  so-called  BOX(USED)CARS 
and  cross  polarisation  configuration  (Fig.  21.  This 
increases .  the  spatial  resolution  and  the 
characteristic  features  of  the  recorded  spectra. 
Unfortunately,  the  experimental  situation  does  not 
always  enable  this  optimal  choice  and  the 
subsequent  trade-offs  which  are  required,  are 
hereby  presented. 


Fig.  2  :  BOXCARS  a)  and  cross  polarizations  b) 
configurations 

BOXCARS  ADVANTAGES  AND  LIMITATIONS 

The  BOXCARS  configuration  takes 
advantage  of  the  two  well-  separated  pump  and 
Stokes  laser  beams  to  clearly  localize  the  probe 
volume  at  the  beams  intersection.  Simple 
geometrical  considerations  make  it  possible  to 
size  this  probe  volume  (typically  5  mm  •  100  tm\ 
for  our  experiment).  We  check  the  actual  spatial 
resolution  by  recording  temperature  histograms 
for  two  equivalent  positions  with  respect  to  the 
flow  symmetry  (Fig. 3). 

The  largest  dimension  of  the  probe  volume  is 
either  perpendicular  or  parallel  to  the  steep 
temperature  gradients.  The  difference  between 
the  two  recorded  histograms  (double  narrow  peak 
distribution  for  parallel  and  broad  single  peak 
distribution  for  perpendicular)  clearly  indicates  a 
spatial  integration  of  the  measurement  over  at 
least  1 0  mm  which  is  greater  than  the  expected  5 
mm.  It  is  probably  due  to  the  non  linear 
generation  of  the  CARS  signal  combined  with  the 
effects  of  the  turbulence. 
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Fig.  3  :  recorded  histograms  for  two  symmetric 
positions.  The  normal  exploration  smooths  the 
double  peak  structure. 

However,  the  BOXCARS  configuration  has  to 
be  selected  to  preserve  a  reasonable  spatial 
resolution  of  the  temperature  measurements  and, 
depending  on  the  probe  volume  position  inside  the 
flame,  either  parallel  or  perpendicular 
measurements  are  retained.  As  an  example,  the 
double  peak  distribution  of  the  temperatures  at 
the  boundary  of  the  recirculation  zone  indicates 
the  alternate  crossing  of  hot  and  cold  gas  cells 
inside  the  probe  volume.  This  crossing  is 
confirmed  by  the  position  of  the  maximum  of  the 
recorded  spectra  on  the  CCD  detector.  A  strong 
correlation  (>  0.7)  is  found  between  the  positions 
and  the  associated  temperatures  while  the 
positions  are  independent  of  the  CARS  signal 
generation  but  related  to  the  beams  propagation 
through  the  flame.  The  sensitivity  to  these  effects 
is  clearly  enhanced  by  the  BOXCARS 
configuration.  Definitely  assuming  the  BOXCARS 
configuration  to  unbias  the  temperature 
histograms,  their  evolutions  through  the  flame  are 
compared  with  the  probability  density  function 
(pdf)  used  to  average  the  instantaneous  passive 
scalar  behaviour  (in  our  case,  f  ;  the  mixing  rate 
related  to  the  atomic  species,  see  the  companion 
paper  |2|  ).  The  adopted  d  function  for  the 
modeling  cannot  depict  such  a  double  peak 
distribution.  The  spatial  evolution  of  this 
distribution  could  yield  some  characteristic  lengths 
for  the  diffusion  mechanisms  which  are 
considered  for  the  double  correlation  modeling, 
especially  if  these  results  are  associated  to  the 
velocity  measurerrrents. 
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Fig.  4  :  detectivity  limits  of  the  cross  polarization 
in  the  range  900  -  1 200  K 

CROSS  POLARIZATION  ADVANTAGES  AND  UMITATIONS 

The  problem  of  the  cross  polarisation 
configuration  is  more  complex.  This  configuration 
is  adopted  to  cancel  the  non-resonant  contribution 
of  all  the  species  present  inside  the  probe  volume 
(methane,  by-products,  oxygen  or  non-resonant 
nitrogen).  If  the  corresponding  spectra  are  better 
resolved,  the  signal  intensity  is  decreased  by  at 
least  two  orders  of  magnitude  compared  to  the 
generally  adopted  parallel  polarisation 
configuration.  First,  we  check  that  these 
configurations  lead  to  comparable  temperature 
measurements  inside  a  steady  medium(3). 
Consequently,  to  ensure  a  good  signal  to  noise 
ratio  at  any  position,  we  can  select  either  parallel 
(numerical  account  of  the  non-resonant 
background)  or  cross  (physical  account  of  the 
non-resonant  background)  polarisation 

configurations.  This  choice  is  particularly 

important  in  the  intermediate  temperature  range 
(900  1200  K)  where  some  detectivity 

considerations  compel  the  parallel  polarisation 
configuration  (Fig.  4).  Using  a  measurement  set 
including  either  parallel  or  cross  polarisation 
configurations,  the  measured  and  computed 
temperature  fields  inside  the  c  ombustion  zone 
compare  favourably  though  a  few  small 
discrepancies  (#  100-2Cr>  K)  remain  between  the 
CARS  and  thermocouple  measurements  (Fig.  5). 


Fig.  5  ;  CARS  and  thermocouple  comparison 
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Fig.  6  ;  semi-quantitative  CH4  profiles  at  the 
center  of  the  burner 

Meanwhile,  at  the  immediate  vicinity  of  the 
burner  exit,  the  high  methane  concentration 
precludes  the  temperature  measurements  even  in 
the  cross  polarisation  configuration.  Flowever,  this 
important  non  resonant  background  can  be  used 
to  estimate  the  relative  methane  to  air  ratio.  The 
observed  semi-quantitative  methane  profile, 
recorded  in  the  cross  polarization  configuration  to 
cancel  the  pure  air  contribution,  agrees  correctly 
with  the  predicted  profile,  especially  when  a  finite 
kinetic  rate  is  taken  into  account  (  the  PEUL 
approach)  (Fig.  6). 

Conclusion 

Though  the  CARS  technique  cannot  allow 
any  systematic  exploration  of  the  flame,  it  brings 
an  inestimable  physical  insight  of  the  flame 
behaviour.  Even  if  some  limitations  could  appear, 
they  can  often  be  turned  into  advantages.  Finally, 
the  complementarity  of  different  techniques  is 
clearly  required  to  assess  the  consistency  of  a 
measurement  set. 
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INTRODUCTION  AND  OBJECTIVE 

This  paper  reviews  experimental  work  In  the 
field  of  flow  mechanics  undertaken  to  optimize 
fluid  blending  for  the  control  of  pollutant 
emissions  from  fuel-burning  Installations.  In 
fact,  the  optimized  mixing  of  a  reactant  with 
the  flue  gas  Is  crucial  for  the  efficiency  of 
pollution  control. 

Reburnlng.  standing  here  as  one  example  for 
others,  a  technique  Involving  secondary  fuel 
Injection  Into  a  coal-fired  boiler.  Is  one  of 
the  advanced  processes  proposed  to  control  pol¬ 
lutant  formation.  The  secondary  fuel  enters  a 
large  boiler  combustion  chamber  above  the 
firststage  burners,  Increasing  the  fuel/alr  ra¬ 
tio.  While  the  first  stage  burns  a  fuel-lean 
mixture,  the  second  stage  combusts  a  reducing 
fuel-rich  mixture,  lowering  NOx  concentration 
by  about  50  to  80  '/•.  Tertiary  air  is  added  for 
complete  burnout.  Both  the  secondary  fuel  and 
the  overfire  air  must  be  mixed  efficiently  with 
the  first-stage  products  of  combustion  to  opti¬ 
mize  the  NOx-reduclng  effect,  because  the  time 
for  the  reaction  Is  less  than  30  msec. 

Two  entirely  different  techniques  can  be  ap¬ 
plied  to  Inject  the  reducing  agent  Into  the 
flue  gas  stream.  The  reducing  agent  may  either 
be  distributed  through  nozzles  mounted  on  the 
wall  of  the  flue  gas  duct  or  through  a  system 
Incorporated  directly  In  the  duct.  The  project 
discussed  In  this  paper  focussed  on  the  optimi¬ 
zation  of  nozzle  configurations,  because  the 
Improvements  In  mixing  behavior  promised  by  an 
optimized  design  are  greater. 

METHOD  OF  MEASUREMENT  AND  TEST  SET-UP 

The  wind  tunnel  depicted  In  Fig.  I  was  used  for 
the  tests.  The  wind  tunnel  Is  a  square  cross- 
section  tunnel  of  the  open-flow  type  with  a 
length  of  80  cm.  It  consists  of  an  Inlet  noz¬ 
zle,  a  hexagonal  honeycomb  flow  stralghtener 
and  a  turbulence  generator  to  produce  a  con¬ 
trolled  flow  profile  along  the  two  axes  of  the 
duct . 

In  the  wind  tunnel  model  tests,  air  was  injec¬ 
ted  Into  the  turbulent  wind  tunnel  main  flow 
rather  than  a  reducing  agent.  This  air  was 
heated  to  200'  C  by  an  electric  heating  system 


and  was  pumped  to  the  nozzles  across  a  flow 
control  valve.  Temperature  distribution  across 
the  wind  tunnel  was  measured  by  20  thermocou¬ 
ples  at  20  different  heights.  As  the  mechanisms 
of  heat  and  mass  transfer  are  similar,  tempera¬ 
ture  distribution  models  concentration  distri¬ 
butions.  To  accelerate  the  measurements,  the 
thermocouples  were  mounted  on  a  grid-type  ar¬ 
rangement  across  the  entire  width  of  the  wind 
tunnel . 


Fig.  1;  Scheme  of  the  wind  tunnel  testing  stand 


FLOW  MODELLING 

In  laboratory-scale  model  tests  of  the  type  of 
the  wind  tunnel  tests,  it  Is,  of  course.  Impor¬ 
tant  not  to  violate  the  principles  of  similari¬ 
ty.  In  model  tests  Involving  several  flows.  It 
Is  nearly  Impossible  to  maintain  complete  si¬ 
militude,  as  the  Reynolds  number,  the  Froude 
number  and  other  characteristics  can  hardly  be 
kept  constant  for  all  flows. 

In  this  project.  It  is  Important  to  realize 
that  fluid  blending  is  essentially  controlled 
by  impulse..  Prior  to  modelling  geometries  to 
obtain  a  model  scale,  a  model  scaling  down  the 
ratio  between  the  malnflow  impulse  and  the  in¬ 
jected  air  flow  Impulse,  disregarding  density 
differences,  was  developed  to  obtain  equivalent 
nozzle  diameters.  The  equivalent-diameter  noz¬ 
zle  Is  a  model  nozzle  with  a  diameter  passing, 
with  the  same  Impulse,  the  same  mass  flow  of 
the  model  fluid  as  the  full-scale  nozzle.  Under 
these  conditions.  Induced  flow  is  also  the  same 
under  model  and  full-scale  conditions. 

Differences  in  Reynolds  numbers  were  neglected 
for  the  experiments,  because  frictional  forces 
were  negligible  at  the  test  Reynolds  number 
levels. 
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Criteria  to  evaluate  the  quality  of  nixing  are 
difficult  to  deternlne.  To  do  this,  the  coeffi¬ 
cient  of  variation  Vk  was  therefore  used.  It  Is 
the  ratio  of  the  standard  deviation  which  Is 
the  square  root  of  the  variance  of  a  distribu¬ 
tion  and  the  arithmetic  nean. 

In  the  case  of  the  two  nixing  operations  the 
quality  of  nixing  is  high  when  the  coefficient 
of  variation  Is  low.  Under  ideal  conditions 
producing  a  fully  honogeneous  nlxture,  the  co¬ 
efficient  of  variation  would  be  zero.  The  low¬ 
est  coefficients  of  variation  obtained  In  the 
experlnents  in  cases  in  which  the  fluids  were 
allowed  to  blend  over  long  distances  were  about 
20  '/..  if  the  quality  of  nixing  Is  very  low,  the 
coefficient  of  variation  nay  Increase  several 
100  'll.  Nevertheless  It  Is  Important  to  evaluate 
the  quality  of  nixing  by  comparing  coefficients 
of  variation  in  different  planes  and  by  also 
analyzing  three-dlnenslonal  concentration  pro¬ 
files. 

OPTIMIZATION  OF  MIXING  OPERATIONS 

The  angle  of  injection  was  the  first  paraneter 
that  was  varied  in  the  wind  tunnel  tests. 
Cross-flow  Injection  Is  the  most  frequent  con¬ 
figuration  in  the  field.  A  right  angle  la  en¬ 
closed  between  the  secondary  fluid  axis  and  the 
main  flow  centerline.  The  angle  of  cross-flow 
injection  is  designated  by  R  =  0* .  If  this  an¬ 
gle  is  varied  to  obtain  countercurrent-flow  In¬ 
jection  conditions,  the  angle  Is  referred  to  as 
R  >  0.  R  <  0  Is  used  for  cocurrent  flow  Injec¬ 
tion. 

Fig.  2  depicts  the  coefficient  of  variation  as 
a  function  of  the  angle  of  Injection.  As  the 
countercurrent  flow  injection  angle  increases, 
the  quality  of  nixing  improves.  The  coefficient 
of  variation  is  highest  In  the  only  cocurrent 
Injection  test,  while  the  largest  countercur¬ 
rent  flow  Injection  angle  of  45’  only  Improves 
mixing  In  the  planes  above  the  plane  of  Injec¬ 
tion. 


Fig.  2:  Coefficient  of  variation  depending  on 
Injection  angle 

Secondary  fluid  swirl  was  the  second  parameter 
that  was  varied  in  the  experlnents.  Fig.  3  cor¬ 
relates  swirl  and  the  quality  of  mixing.  As  the 
graph  shows,  nixing  improves  as  swirl  is  gener¬ 
ated  and  the  angle  of  the  axial  blades  of  swirl 
generator  increases.  However  as  the  angle  a  is 
further  increased  beyond  a  limit,  the  coeffi¬ 
cients  of  variation  increase  again. 

The  reason  for  this  trend  Is  very  simple. 
Swlrl-flow  Jets  Induce  the  surrounding  fluid  at 
a  higher  rate  than  swirl-free  Jets,  improving 
mixing  mainly  at  the  interface  between  the  sec¬ 
ondary  fluid  and  the  main  fluid.  On  the  other 


hand,  swirl  reduces  the  Impulse  in  the  axial 
direction,  shortening  the  length  of  the  Jet.  In 
the  test  depicted,  the  length  of  the  secondary 
fluid  Jet  was  no  longer  sufficient  to  penetrate 
main  fluid  flow. 


X  fmm) 

Fig.  3:  Coefficient  of  variation  depending  on 
swirl  Intensity 


Main  fluid  flow  penetrations  is  also  a  critical 
consideration  In  the  optimization  of  the  ratio 
between  the  main  fluid  flow  rale  and  the  sec¬ 
ondary  fluid  flow  rate.  This  ratio  depends,  of 
course,  on  the  stoichiometry  of  the  reducing 
reaction.  If  the  stoichiometric  ratio  were 
used,  the  ma In/secondary  flow  ratio  V  would  be 
much  too  high  for  satisfactory  mixing.  For  this 
reason,  the  reducing  agent  flow  rate  must  be 
Increased  for  example  by  adding  recycle  flue 
gas  to  obtain  satisfactory  mixing  conditions. 
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Fig.  4:  Coefficient  of  variation  depending  on 
fluid  flow  relationship 


Fig.  4  shows  the  coefficient  of  variation  for 
several  main  f lowZ-secondary  flow  ratios.  The 
Inadequate  main  flow  penetration  Is  the  reason 
for  the  decreasing  mixing  results  with  an  in¬ 
creasing  ratio.  As  the  figure  shows  a  ratio  be¬ 
tween  10:1  and  8.5:1  was  approximately  in  opti¬ 
mum.  Mixing  could  theoretically  be  improved 
further  by  further  lowering  this  ratio  but  such 
a  decrease  would  require  more  fan  power  for  the 
Injection  of  the  secondary  fluid. 

Fig.  5  plots  the  coefficients  of  variation  for 
different  nozzle  numbers  z.  The  total  secondary 
fluid  flow  Is  the  same  for  all  nozzle  numbers. 
For  this  reason,  the  Impulse  of  the  Jet  from 
each  nozzle  Is  higher  for  a  smaller  number  of 
nozzles. 

The  graph  demonstrates  the  critical  Importance 
of  the  Impulse  of  the  Jet,  because  the  coeffi¬ 
cients  of  variation  are  nearly  the  same  for  two 
nozzles  as  for  four  and  six  nozzles.  Neverless, 
four  or  six  nozzles  represent  an  optimum  as  the 
coefficients  of  variation  tend  to  rise.  If  the 
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number  of  nozzles  used  Is  very  small,  the  fluid 
exchange  area  is  too  small  for  optimum  mixing. 
On  the  other  hand.  If  the  number  of  nozzles  Is 
too  high,  main  flow  penetration  poses  a  prob¬ 
lem. 


Fig.  5:  Coefficient  of  variation  depending  on 
the  number  of  peripheral  arranged  Jets 

Impulse  may  also  be  varied  by  varying  the  noz 
zle  diameter  d.  Between  the  coefficients  of  va¬ 
riation  for  the  smallest  and  the  largest  nozzle 
diameter  was  a  multiplication  factor  of  2.5  for 
the  secondary  fluid  Injection  plane.  Fig.  6. 
Turbulent  exchange  at  the  Interfaces  between 
the  Jet  and  the  main  flow  fully  benefits  from 
the  Increase  in  Impulse  achieved  by  reducing 
the  nozzle  diameter.  For  the  same  nozzle  dis¬ 
charge  flow  rate  and  the  same  main  flow/secon¬ 
dary  flow  density  ratio,  the  smallest  nozzle 
Induced  more  than  twice  as  much  flow  from  the 
main  stream  than  the  largest  nozzle. 
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Fig.  6:  Coefficient  of  variation  depending  on 
the  nozzle  diameter 


Apart  from  the  above  parameters,  a  number  of 
other  factors  Influencing  the  quality  of  mixing 
were  examined. 

Nozzle  arrangement  on  the  wind  tunnel  wall  was 
one  such  parameter.  The  tests  showed  that  noz¬ 
zles  located  exactly  opposite  each  other  repre¬ 
sent  the  optimum  configuration  provided  that 
the  Jets  from  the  two  nozzles  penetrate  to  the 
center  of  the  main  flow,  hit  each  other  and  are 
deflected  sideways. 

Mixing  can  also  be  Improved  by  optimizing  noz¬ 
zle  design  provided  that  the  nozzle  discharge 
area  Is  sufficiently  small.  The  mixing  achieved 
by  reduced  discharge-area  nozzles  of  a  complex 
design  Is  very  similar  to  that  of  simple  design 
nozzles  of  corresponding  discharge  area. 

MATHEMATICAL  HODELLINC  TECHNIQUES 

The  mathematical  modelling  of  such  experiments 
Is  another  significant  aspect  of  this  research 
work. 


The  approximation  technique  developed  combines 
a  model  describing  the  propagation  of  an  uncon- 
flned  Jet  and  a  description  of  the  axis  of  an 
unconflned  Jet  under  cross-flow  conditions.  The 
equations  describing  the  propagation  of  an  un¬ 
conflned  Jet  from  a  round  nozzle  In  a  motion¬ 
less  environment  without  buoyancy  forces  are 
projected  into  the  bent  Jet  axis,  assuming  for 
simplification  that  the  Jet  contour  remains  un¬ 
changed.  The  secondary  fluid  concentration  at 
any  given  point  depends  on  the  distance  of  the 
point  from  the  Jet  axis  along  a  line  perpendic¬ 
ular  to  the  Jet  centerline.  The  point  at  which 
the  perpendicular  and  the  Jet  center  line  In¬ 
tersect  corresponds  to  the  axlal-dlrectlon  co¬ 
ordinate  of  an  unbent  unconflned  Jet. 

Fig.  7  shows  the  quality  of  the  model  that  has 
been  developed.  For  two  Jets  which  are  not  lo¬ 
cated  opposite  each  other,  predicted  and  meas¬ 
ured  concentrations  are  In  good  agreement.  Dif¬ 
ferences  between  the  predicted  and  the  measured 
concentrations  only  Increase  for  nozzles  loca¬ 
ted  opposite  each  other,  ejecting  Jets  which 
hit  each  other  In  the  center  of  the  main  fluid 
flow.  The  quality  of  the  prediction  of  the 
mixing  process  Is  nevertheless  highly  satisfac¬ 
tory,  considering  the  short  computing  time  of 
several  seconds. 
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Fig.  7:  Comparison  of  mixing  patterns  out  of 
experiments  and  prediction 


SUMMARY 

Nozzles  can  produce  a  concentration  profile 

where  concentration  differences  are  minimized 

If  the  following  conditions  are  satisfied: 

-  Injection  of  the  secondary  fluid  at  a  coun¬ 
tercurrent  flow  angle  of  15  to  30* 

-  Increase  In  the  secondary  fluid  Impulse 
through  tlie  selection  of  smaller  nozzle  diam¬ 
eters 

-  Decrease  In  the  main  flow/secondary  flow 
ratio  using  recirculated  flue  gas  or  a  simi¬ 
lar  fluid  to  Increase  the  secondary  fluid 
flow  rate  where  necessary 

-  Injection  of  the  secondary  fluid  through  a 
limited  number  of  nozzles,  ensuring,  though, 
that  the  fluid  exchange  surface  area  will  not 
decrease  below  a  minimum  area 

-  Limited  swirling  of  the  secondary  fluid,  pre¬ 
ferably  combined  with  the  use  of  nozzles  pro¬ 
ducing  swirl  -iree  Jets. 
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Extended  Abstract 

In  modern  aircraft,  afterburners  or  augmenta¬ 
tion  devices  are  added  to  the  gas  turbine  engines  to 
increase  their  thrust  during  take-off  or  emergent  ma¬ 
neuver.  The  oxygen  content  in  the  high  speed  gas 
stream  leaving  turbine  blades  is  burnt  with  additional 
fuel  in  this  secondary  combustion  device  to  increase 
the  gas  exit  velocity  and  thrust.  Steady  burning  in 
this  high  speed  gas  stream  is  very  difficult  unless 
sources  of  continuous  ignition  or  proper  flame  stabi¬ 
lisation  devices  are  p-vsent  in  the  combustion  cham¬ 
ber.  Flame  stabilization  is  usually  achieved  in  the 
wake  of  a  bluff  bod' .  e.g.  V-gutter,  placed  in  the 
gas  stream.  In  addition  to  the  flame  stabilization 
problem,  ignition  is  usually  harder  to  achieve  than 
stabilization.  The  primary  problems  for  afterburner 
ignition  systems  is  the  start-up  ignition  and  the  high 
altitude  relight  problems.  A  pilot  burner  is  one  of 
the  solutions  to  thesi  problems.  However,  in  mod¬ 
ern  aircraft  in  order  'o  reduce  the  weight,  the  pilot 
burner  is  usually  of  “V  'shape,  similar  to  the  V-gutter 
with  high  angle  swirl  vans  inside.  The  V-shaped  pilot 
burner  can  be  used  t  serve  partly  as  a  flame  stabi¬ 
lization  device.  This  special  design  of  the  V-shaped 
pilot  burner  produces  a  complex  flow  field  with  strong 
interaction  of  high  swirl  and  axial  velocities  in  the 
wake  of  the  pilot  bur'rr.  furthermore,  the  ffowfield 
will  be  further  complicated  by  using  both  V-gutter 
and  pilot  burner.  The  turbulence  and  mixing  char¬ 
acteristics  are  of  vital  importance  to  the  ignition  and 
the  stabilization  problems.  I'tius,  the  main  purpose 
of  this  research  are  to  nieasure  the  turbulent  velocity 
and  mixing  characteristics  of  Hit  t.omplex  flow  Held 
in  a  simulated  augmentor. 

Studies  of  the  bluff-botlr  tfabiliration  and  the 
afterburner  characteristics  c.'in  be  found  as  early  as 
in  the  dO’s.  Longwell  |1|  and  Willi.-MTi.v  17)  studied  the 
bluff-body  turbulent  flame  stabiliz.-'lion  iind  propaga¬ 
tion.  Recently,  Sullerey  et  al.  (3j  characterized  the 
turbulent  near  wake  of  bluff  bodies  of  iliffcrcrit  kinds. 
Stwalley  and  Lefebvre  |4|  examined  irregular  haped 
flame  holders.  Zukoski  |S|  offered  an  instructive  re¬ 
view  of  the  afterburner.  Taylor  and  Whitelaw  (6| 


studied  the  velocity  characteristics  in  the  near  wake 
of  the  bluff  body.  Others  |7~9|  studied  the  interac¬ 
tion  of  the  swirling  component  with  the  axial  coaxial 
jet.  However,  the  V-shaped  pilot  burner  turbulence 
characteistics  which  are  generated  by  the  strong  in¬ 
teraction  of  the  high  swirling  and  the  axial  compo¬ 
nents  in  the  wake,  are  still  open  issues  and  deserve 
careful  studies. 

The  experimental  set-up  consists  of  an  air  blower 
driven  by  a  DC  motor,  a  settling  chamber  and  the 
simulated  augmentor  test  section.  Air  in  the  settling 
chamber  is  first  passed  through  a  slowly  divergent 
duct  with  an  angle  of  7",  and  a  honeycomb  unit  and 
3  fine  mesh  screens  are  used  to  further  reduce  the 
fluctuations.  Figure  1  shows  schematically  the  ar¬ 
rangement  of  the  test  section  of  the  simulated  aug¬ 
mentor.  The  front  portion  of  the  center  body  is  used 
to  contract  the  flow  reaving  the  mesh  to  further  re¬ 
duce  the  turbulent  fluctuation  and  the  rear  portion  is 
to  simulated  the  diffuser  of  the  augmentor.  Both  the 
laser  Doppler  vclocimetry  (TSI  9100-7)  system  and  a 
concentration  probe  (TSI  1441-lB)  are  used  to  mea¬ 
sure  the  velocity  component,  turbulence  and  mixture 
fraction  of  the  augmentor  flow,  as  shown  in  Fig.  2.  In 
order  to  eliminate  the  noise  and  difficulties  encoun¬ 
tered  in  the  LDV  measurements  due  to  the  curvature 
of  the  augmentor  wall,  sixteen  circular  windows  of 
30  mm  diameter  are  attached  to  both  sides  of  the 
wall.  They  are  sealed  with  thin  flat  optical  glasses 
to  allow  accurate  intersection  of  the  laser  beams  and 
to  reduce  the  noise  in  the  scattered  light  intensity. 
The  binary  mixing  of  air  and  helium  is  measured  by 
an  aspirating  concen.ration  probe  made  up  of  a  hot- 
film  sensor  in  a  tube  with  a  sonic  throat.  This  type 
of  probe  has  been  used  with  success  by  Brown  and 
Rebollow  |10|  and  Ahmed  and  So  |ll|.  Both  mean 
and  fluctuating  binary  mixture  concentration  can  be 
measured  with  high  resolution.  The  probe  output  is 
calibrated  for  the  pressure  dependence.  The  pressure 
calibration  curve,  accouding  to  Chao  and  Yang  |12|, 
can  be  written  as 

-  r.)  =  A  -I-  B{P  -  1)  -h  C(pVI) 
where  A,  B,C  are  constants,  P  is  the  static  pressure. 
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is  probe  output,  T„  and  T,  are  the  temperatures 
of  the  wire  and  the  flow  and  p  is  the  density  of  the 
binary  mixture.  Figure  3  shows  the  calibration  curve 
for  the  probe  used  and  the  probe  outputs  for  different 
pressure  collapses  into  a  single  curve  so  that  measure¬ 
ments  in  the  situations  where  pressure  is  fluctuating 
due  to  flow  can  be  achieved  by  using  the  aspirating 
probe  together  with  a  pressure  sensing  device  using 
this  general  calibration  curve. 

The  axial  velocity  distribution  for  the  pilot  burner 
flow  in  the  augmentor  is  shown  in  Fig.  4.  The  dashed 
curves  in  the  vicinity  of  the  pilot  burner  indicate  the 
zero  axial  velocity  contour.  The  wakes  due  to  the  pi¬ 
lot  burner  and  due  to  the  central  diffuser  characterize 
the  near  field  axial  velocity  distribution  and  the  axial 
velocity  profile  becomes  more  uniform  around  X/D 
of  0.4.  If  one  examine  the  velocity  distribution  in 
the  vicinity  of  the  pilot  burner  carefully,  one  can  eas¬ 
ily  find  that  axial  velocity  distribution  near  the  lower 
zero  velocity  region  around  Y/D  of  0.6  is  steeper  than 
that  near  the  upper  zero  velocity  region  around  Y/D 
of  0.8.  This  phenomenon  can  further  be  seen  in  the 
turbulent  fluctuation  proflles  in  Fig.  5  where  local 
peak  fluctuations  are  found  near  the  lower  portion 
of  the  pilot  burner  corresponding  to  the  zero-velocity 
contour  in  Fig.  4  while  that  in  the  upper  portion  is 
not  so  pronounced.  This  phenomenon  is  believed  to 
be  due  to  the  effect  of  the  interaction  of  the  pilot 
burner  swirl  component  and  the  shear  in  the  pilot 
burner  wake  and  this  was  also  seen  in  a  preliminary 
flow  visualization  study  in  the  water  tunnel  by  Cbao 
and^  Chen  |13(.  In  other  words,  stronger  turbulent 
mixing  can  be  expected  in  the  lower  portion  of  the 
pilot  burner  shear  layer  in  the  wake.  In  the  presence 
of  a  V-gutter,  the  pilot  burner  recirculation  becomes 
smaller  and  the  wake  due  to  the  dilfuser  disappears. 
The  axial  velocity  distribution  recovers  earlier  in  X/D 
of  3.5  in  Fig.  6.  On  the  other  hand  in  Fig.  7,  the  peak 
turbulent  fluctuations  downstream  of  the  pilot  burner 
becomes  less  pronounced.  The  local  peak  fluctuations 
in  the  wake  of  the  V-gutter  is  “symmetric*.  Glob^ 
ally,  the  turbulent  fluctuation  in  Fig.  7  is  stronger 
(han  that  in  Fig.  5.  It  reveals  that  stronger  mixing 
"1  the  lower  portion  in  the  pilot  burner  wake  and  the 
strong  mixing  in  the  wake  of  the  V-gutter  provides  a 
convenient  path  for  the  pilot  flame  to  propagate  to 
the  V-gutter  and  the  strong  swirl  component  helps 
to  stabilize  the  pilot  flame  in  the  wake  of  the  pilot 
burner.  Due  to  an  unexpected  accident,  the  concen¬ 
tration  probe  was  broken  and  it  is  now  sent  bark  to 
the  manufacturer  in  the  U.S.  to  repair  so  that  the  con¬ 
centration  results  arc  not  included  here.  The  concen¬ 
tration  data  will  be  given  later  as  soon  as  the  probe 
is  fixed. 
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Fig. 2  Experimental  set-up  and  instrument¬ 
ations 


Fig. 3  The  universal  calibration  curve  for 
the  concentration  probe  including 
pressure  dependence 
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Fig. 5  The  turbulent  fluctuation  distribut¬ 
ion  for  the  pilot  burner  flow 
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Fig. 6  The  axial  velocity  distribution  for 
the  simulated  augmentor  flow 
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Fig. 7  The  turbulent  fluctuation  distribut¬ 
ion  for  the  simulated  augmentor  flow 


Fig. 4  The  axial  velocity  distribution  for 
the  pilot  burner  flow 
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INTRODUCTION 

An  experimental  study  was  conducted  to  inves¬ 
tigate  the  enhancement  of  turbulent  mixing  in  a  con¬ 
fined  dual-inlet  square  side-dump  combustor  model 
which  is  characterized  by  the  impingingement  of  two 
counter-directional  jets.  It  was  found  earlier  jl-.3| 
that  counter-rotating  streamwise  vortical  structures 
generated  in  a  confined  impinging  stagnation  flow 
play  a  major  role  responsible  for  turbulent  mixing. 
Further,  a  previous  work  by  the  first  author  [4)  sug¬ 
gested  that  the  Taylor-Gortler  type  centrifugal  insta¬ 
bility  mechanism  initiate  these  vortical  structures  in 
the  curved  shear  layers  which  casts  off  from  each  of 
inlet  ducts.  Rased  on  these  physical  understandings 
on  the  flow,  the  major  emphasis  of  the  present  work  is 
placed  upon  enhancing  turbulent  mixing  by  introduc¬ 
ing  several  kinds  of  artificial  disturbances  upstream 
of  the  curved  shear  layers,  from  which  one  examines 
the  responses  of  the  curved  shear  layers  due  to  these 
disturbances  imposed. 

EXPERIMENTAL  METHODS 

The  water  tunnel  employed  for  the  present  study 
has  two  identical  side-inlet  ducts  of  5  cm  x  20  cm  x 
ISO  cm  which  connect  to  a  square  duct  (test  section) 
of  20  cm  y  20  cm  x  250  cm.  Further  detailed  docu¬ 
mentation  of  the  tunnel  facility  can  be  found  in  the 
Miau  and  Sun  (5|.  In  comparison  with  the  previous 
work  |5|,  a  modification  on  the  test  section  of  remov¬ 
ing  the  dome  region  was  made  in  the  present  study. 
A  schematic  view  of  the  side-inlet  square  duct  and 
the  coordinate  system  chosen  for  the  present  study  is 
shown  in  Figure  1.  In  experiment  the  speeds  of  the 
two  inlet  flows  were  set  to  equal,  varying  in  a  range 
from  2.3  cm/sec  to  9.1  cm/sec.  The  corresponding 
Reynolds  numbers,  Re,  based  on  the  width  of  inlet 
duct  and  the  bulk  velocity  of  inlet  duct,  are  between 
1150  and  4550. 

In  flow  visualization  experiments,  the  techniques 
of  dye-injection  and  laser-induced  fluorescence  were 
adopted  to  reveal  the  instantaneous  flow  structures  at 
the  desirable  cross-sectional  planes  of  the  flow.  The 
light  source  employed  in  the  dye  injection  method  was 
photo  studio  bulbs  each  of  which  was  .500  watts.  An 
argon-ion  laser  was  employed  for  the  latter  technique 
metioned  as  the  light  source. 


RESULTS  AND  DISCUSSIONS 

There  are  three  kinds  of  uptsream  artificial  dis¬ 
turbance  generators  installed  in  the  side-inlet  ducts 
which  included  2-D  trip  cylinder,  3-D  square-wave 
trip  plate,  and  the  multiple  cylinders. 

For  the  sake  of  comparison,  a  cross-sectional 
photograph  obtained  under  the  reference  condition, 
namely  without  installation  of  disturbance  generators 
in  the  side-inlet  ducts,  is  shown  in  Figure  2.  This  pho¬ 
tograph  was  taken  at  t=2.5  cm  at  Re  -  2000  which 
reveals  the  formation  of  streamwise  vortical  struc¬ 
tures  in  the  test  section.  It  should  he  mentioned  that 
the.se  streamwise  vortical  structures  ob.served  vary  in 
sizes  and  unsteady  with  time. 

IFit/i  S-D,  tnjr.cylinders  The  imposed  2-D  trip  cylin¬ 
ders  are  all  of  20  cm  in  length,  equivalent  to  the  height 
of  the  test  section.  Three  different  sizes  of  diameter, 
4,6  and  8  mm,  were  chosen  denoting  as  dl ,  d2  and  d3, 
respectively.  Each  of  the  cylinders  is  located  In  the  in¬ 
let  duct  on  upstream  side  wall  surface  vertically.  The 
photograph  shown  in  Figure  3  was  obtained  with  a 
symmetrical  arrangement  of  two  cylinders  (type  d2) 
located  at  y  —  -til. 5  cm  for  yfe-2000.  It  shows  a 
feature  that  the  sizes  of  the  two  recirculating  regions 
situated  on  the  upstream  end  plate  of  the  lest  section 
are  not  equal.  It  should  be  noted  that  this  device  in¬ 
fluences  these  recirculating  zones  to  oscillate  in  large 
amplitude.  Evidently,  this  feature  is  due  to  the  up¬ 
stream  boundary  layers  tripped  by  the  cylinders  that 
introduce  the  unsteadiness.  A  sequence  of  lop  view 
pictures  depicting  the  time  evolution  of  recirculating 
flow  structures  on  the  upstream  end  plate  are  shown 
in  Figure  4.  As  illustrated  by  the  blue  and  red  dye 
streaks  the  oscillating  behavior  of  separation  regions 
is  apparent.  Thus,  the  streamwise  vortical  structures 
shedding  downstream  in  the  test  section  appear  in  a 
quasl-pcriodic.  manner.  The  time  period  estimated 
is  about  3.6  sec.  This  oscillating  characteristic  can 
he  illustrated  from  an  end  view  at  the  cross-sectional 
plane  of  r  -  2.5  cm  shown  in  Figure  5.  The  time- 
series  photographs  in  Figure  5  show  an  alternative 
appearance  of  counter-rotating  streamwise  vortical 
structures  on  either  side  of  the  presumed  stagnation 
interface.  This  appearance  implies  that  the  stream- 
wise  vortices  are  shed  downstream  in  a  quasi-periodic 
manner  ns  mentioned. 

Cases  with  trip  cylinders  located  at  dilfcrcnt  po¬ 
sitions  on  side  wall  surface  were  also  made  in  this 
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study.  In  summary,  the  imposed  2-D  trip  circular 
cylinder  which  introduces  a  disturbance  with  vertical 
vorticity,  w,,  to  the  upstream  inlet  flow  can  effectively 
alter  the  characteristics  of  the  curved  sheiu'  layer  as 
fu  as  the  development  of  the  streamwise  vortices  is 
concerned.  Meanwhile,  these  studies  show  that  the 
streamwise  vortical  structures  can  be  generated  in  a 
quasi-periodic  msuiner. 

With  S-D  smart  wave  trio  plates  In  this  case,  ex¬ 
periments  were  performed  with  the  3-D  trips  located 
at  y  =  11.5  cm  and  —11.5  cm  on  the  upstream  side 
walls  of  the  inlet  ducts,  respectively,  at  Re=  2000. 
According  to  our  visualizations,  the  wake  pattern  re¬ 
sulted  behind  each  of  the  square-wave  trip  consists 
of  the  so-called  “ladder-like”  loop  structures  [6{  and 
with  prescribed  spacing  between  loops.  A  typical  pic¬ 
ture  obtained  from  the  end  view  at  the  cross-sectional 
plane  of  x  =2.5  cm  are  shown  in  Figure  6.  The  en¬ 
tire  flow  field  illustrates  a  random  character  of  the 
three-dimensjonal  vortices.  Previous  observation  of 
spanwise  periodicity  of  the  steamwise  vortices  in  the 
cases  with  2-D  trip  cylinders  is  not  found.  It  is  seen 
that  in  the  present  case  the  streamwise  vortices  are 
evolved  from  the  wake  of  the  square-wave  trip.  Thus 
these  observations  infer  that  the  imposed  streamwise 
vorticity  disturbances  in  the  curved  shear  layer  affect 
the  development  of  the  streamwise  vortical  structures 
in  the  test  section. 

With  multioie  eulinders  In  the  experiments  with  the 
multiple  cylinders  placed  in  the  inlet  ducts,  each  of 
the  cylinders  employed  is  5  cm  in  length  spanning 
the  width  of  the  inlet  duct.  If  the  solidity  is  de¬ 
fined  as  the  ratio  of  diameter  of  the  cylinder  to  spac¬ 
ing  between  neighboring  cylinders,  two  configurations 
with  different  solidities,  0.067  and  0.1,  were  studied. 
These  wake  generators,  i.e.  the  multiple  cylinders, 
were  arranged  in  the  inlet  ducts  at  the  vertical  planes 
y  =  ±24  cm. 

Figure  7  presents  a  picture  obtained  from  the  end 
view  of  the  flow  for  staggering  arrangement  of  mul¬ 
tiple  cylinders  in  the  two  inlet  ducts  at  Re  =  2000. 
A  sketch  describing  the  arrangement  of  models  and  a 
schematic  drawing  of  flow  pattern  observed  are  also 
enclosed  in  this  figure.  Features  observed  are  de¬ 
scribed  below.  First,  the  number  of  counter-rotating 
vortex  pairs  observed  is  equal  to  the  number  of  cylin¬ 
ders  in  each  wake  generator  and  the  positions  are 
about  the  same  vertical  levels  as  those  of  the  corre¬ 
sponding  cylinders.  Next,  the  dye  streaks  of  Karman 
vortex  streets  associated  with  the  cylinders  actually 
delineate  the  outer  boundary  of  streamwise  vortices 
as  these  streamwise  vortical  structures  seen  in  the 
photograph.  Further,  it  is  also  seen  that  the  vor¬ 
tex  pairs  developing  from  the  two  sides  of  inlet  flows 
strongly  interact  with  each  other.  Thus,  a  highly  tur¬ 
bulent  mixing  process  takes  place  in  the  test  section. 
This  appearance  implies  that  the  effectiveness  of  mix¬ 
ing  of  two  impinging  fluids  is  enhanced  .  Experiments 
of  other  cases  indicate  that  similar  flow  structures  are 
seen  irrespective  of  different  solidity  and  arrangement 
of  cylinders. 

Based  on  the  flow  visualization  results  obtained 
a  summary  is  made  here.  By  introducing  the  forced 
disturbances  into  the  present  combustor  model,  the 
development  of  streamwise  vortices  in  the  test  section 
can  be  manipulated  to  a  somewhat  extent.  While  the 
3-D  square  wave  trip  destructs  the  orderly  patterns  of 
streamwise  vortical  structures  seen  in  the  case  with¬ 
out  the  imposed  disturbance,  the  multiple  cylinders 
device  can  control  the  number  of  vortex  pairs  devel¬ 
oped  in  the-test  section.  Dimotakis  and  Brown  [7] 


suggests  a  process  of  efficient  mixing  that  fresh  fluid 
can  be  entrained  by  the  mean  vorticity  of  large-scale 
structure  which  is  followed  by  fine-scale  mixing  due 
to  vorticity  fluctuation.  In  the  present  case  one  can 
expect  that  a  rapid  process  can  be  achieved  with  an 
installation  of  the  multiple  cylinders  in  the  side-inlet 
ducts. 
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Figure  5  A  sequence  of  pictures  observed  at  the  cross- 
sectional  plane  of  z  =  2.5  cm  in  the  case  of  2-D 
trip  cylinders  (type  d2)  located  at  (-2.5,  ±11.5) 
cm  for  Re  =  2000. 
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Figure  3  Picture  and  global  flow  pattern  observed  from 
top  view  in  the  case  of  2-D  trip  cylinders  (type 
d2)  located  at  (-2.5,  ±11.5)  cm  for  Re  =  2000. 
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z  =  2.5  cm  in  the  case  of  3-D  square-wave  trip 
located  at  (-2.5,  ±11.5)  cm  for  Re  =  2000. 
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Figure  4  A  sequence  of  pictures  observed  from  top  view  in 
the  case  of  2-D  trip  cylinders  (type  d2)  located 
at  (—2.5,  ±11.5)  cm  for  Re  =  2000. 
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Figure  7  Picture  observed  at  the  cross-sectional  plane  of 
z  =  2.5  cm  in  the  installation  of  multiple  wakes 
for  Re  =  2000. 
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1.  niTRODUCriON 

Swirl Ing  flow  Interfering  with  cross  flows 
Is  a  fundaacntal  flow  In  swlrl-stablllzcd 
coabustors  and  used  to  control  size  of  tbe 
recirculating  vortex  and  dilution  of  the 
coabustlon  air.  In  the  coabustor,  the  flaae 
holding, flow  alxlng,  and  dilution  are  carried 
out  by  the  swtrl-stablllzed  flow  with  cross 
Jets.  The  flow  Is.  therefore,  coapllcated  and 
three  diacnslonal.  The  understanding  of  this 
flow  structure  can  contribute  to  satisfy  action 
of  the  deaands  for  high  power,  high  efficiency, 
and  low  NOx  in  the  coabustor  perforaance. 

Although  aany  researches  for  the  swirling 
flow  have  been  carried  out  In  cold  and 
coabustlng  aodcis,  the  detail  data  of  swirling 
flow  with  cross  flow  and  the  alxlng  properties 
have  not  been  aade  clear  yet.  Green  and  fhitlaw 
III  acasured  three-dlaenslonal  Isothcraal  flow 
In  a  aodel  coabustor,  but  the  aodcl  did  not 
Include  swirl  flow.  Ahaed  and  So  |2|  B,-idc 
detail  aeasureaent  of  penetration  of  signal 
cross  Jet  In  a  swirl  flow,  Koutno°  and  HcGrlrk 
|3|  acasured  three  velocity  coaponents  of  cold 
flow  in  a  aodel  coabustor  but  the  acasured  data 
were  not  enough  to  provide  a  Interfering  flow 
structure.  Richards  and  Saaucisen  (4|  aade 
cxperlacnt  in  a  coabustlng  aodcl  to  understand 
the  role  of  the  prlaary  Jet  In  the  swirl  flow. 
Further  understandings  of  the  swirl  flow 
Interfering  with  cross  Jets  require  the  radial 
velocity  coaponent  of  the  Jet  and  Its  alxlng 
characteristics  with  the  swirl  flow.  Three 
velocity  coaponents  were  acasured  In  a  cold 
coabustor  aodel  with  four  cross  Jets  (5|.  The 
flow  structure  was  coaplex  and  there  were  four 
aajor  flows,  which  Interfered  each  other. 

The  purpose  of  the  present  Investigation  Is 
to  elucidate  flow  structure  In  the  Interfering 
area  by  the  aeasureaent  of  three  diacnslonal 
three  velocity  coaponents  of  swirl  flow 
Interfering  with  cross  flows. 

2.  expntunnn'Ai.  apparatus  and  oohditiors 

In  this  study,  a  can-type  water  aodcl  gas 
turbine  coabustor  shown  In  Fig.  1  was  used  In 
order  to  slaulate  prlaary  zone  and  Interference 
flow  In  the  coabustor.  The  aodel  coabustor  wns 
aade  of  acrylic  resin.  The  swirl  nuaber 
calculated  froa  the  swlrler  dlaenslons  was 
•.817.  Velocity  aeasureaents  were  carried  out 
using  two  types  of  fiber  l,DVs  |  FLDV  )  (6|.  The 
axial  velocity  coaponents  were  aeasured  by  a  lle- 
Ne  FI.DV  with  a  probe  of  18  aa  In  diaactcr.  The 
FLDV  probe  of  8  aa  In  dlnacter  was  laaersed  into 


water  to  measure  the  radial  and  the  tangential 
velocity  components.  An  FFT  possessor  called 
Burst  Spectrum  Analyzer  (  DAHTEC  )  was  used  for 
signal  processing,  and  3080  bursts  were  sampled 
at  each  aeasureaent  point. 

The  flow  rate  of  the  swirl  flow  was  fixed 
to  be  30  l/mln,  and  the  flow  rate  of  the  prlaary 
Jets  was  changed  froa  45  1/aln  to  90  l/mln.  The 
momentum  ratio  of  the  Jet  flows  to  the  swirling 
flow  was  thus  changed  from  1.78  to  7.01. 


3.  RESUl.TS  AND  DISCUSSION 

Figure  2  shows  velocity  vectors  In  an 
lsotbcrm.ll  flow,  which  was  obtained  In  the 
previous  experiment  |5|.  Four  major  flows  were 
observed  In  the  aodcl  coabustor:  the 
recirculating  vortex  made  by  the  swirling  flow, 
the  reverse  flow  near  the  wall  upstream  of  the 
Jet  ports,  recirculating  flow  behind  the  bluff 
body,  nnd  the  swirling  Irocholdal  flow  near  the 
center  axis  In  the  region  of  X  =  75  -  125  aa  ( 
let  us  call  It  Interacting  region  ).  With 
Increasing  of  the  aoaentua  ratio,  both  the 
swirling  trocholdal  flow  and  the  reverse  flow  In 
the  near-wall  region  grew  upward,  while  the 
recirculating  vortex  becaac  smaller  nnd  moved 
upstream  and  to  the  coabustor  wall.  In  the 
Interacting  region,  the  flow  froa  the  swlrler 
avoided  the  swirling  trocholdal  flow  (  let  us 
coll  It  blocking  area  ),  and  passed  through  the 
near-wall  area.  In  the  present  study,  we  placed 
emphasis  on  four  subjects:  the  trocholdal  vortex 
formation  process,  the  negative  flow  In  the 
near-wall  region  which  affects  the  recirculating 
vortex  formation,  the  characteristics  of  the 
blocking  area  where  the  swirling  flow  Is 
blocked,  and  the  turbulence  characteristics 
generated  by  Interference  of  the  swirling  flow 
with  the  four  cross  Jets. 
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Fig.  2  Flow  pattern  In  the  swirling  flow 
Intcrfer'ng  with  cross  flows 


3.1  Jet  behavior 

In  order  to  understand  the  generation 
process  of  the  trocholdal  vortex  and  the  Jet 
penetration,  the  radial  and  tangential  velocity 
was  Bcasurcd  In  the  Interacting  region  as  shown 
In  Fig.  3. 

In  the  plane  of  X  =  80  m,  the  flow  field 
was  alaost  axlsjuactrlc,  and  little  changed  with 
Increasing  of  the  Boaentua  ratio.  At  the  Jet 
port  cross-section  (  X  =  100  aa  )  the  Jets  were 
hont  near  the  Jot  ports  and  collided  with  the 
neighbor  Jet,  which  produced  the  strong  swirling 
trocholdal  vortex  at  the  center.  With  Increasing 
the  aoBcntua  ratio,  the  velocity  vector  becoae 
large  but  the  angle  was  constant.  This  aeans 
that  the  tangential  velocity  was  accelerated, 
and  the  flow  in  the  downstreaa  region  of  strong 
swirling  flow  Is  Inhaled  Into  the  center,  then 
the  trocholdal  vortex  becoae  strong  and  large 
with  Increasing  of  the  aoaentua  ratio. 
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Fig.  4  Axial  velocity  profiles  at  X  =  90  diih 

3.2  Blocking  area 

The  region  of  the  strong  swirling  flow  was 
generated  by  the  Jets  and  blocked  the  flow  from 
the  swlrler,  and  this  blocking  area  Influence 
the  flow  In  upstrcaB  region. 

For  understanding  of  the  Jet  penetration 
and  mixing  characteristics  In  the  blocking  area, 
the  tangential  velocity  contours  were  measured 
on  0’  .  22.5’  ,  45"  ,  and  67.5'  -planes  as  shown  In 
Fig.  5.  The  large  tangential  velocity  region 
exists  near  wall  at  the  0'  -plane.  With  flowing 
downstream  and  In  the  swirling  direction,  this 
large  tangential  velocity  area  shifted  toward 
the  center  and  the  tangential  velocity 
decreased.  Conventionally,  the  Jet  penetrate  to 
the  combustor  center  and  reverse  upstream,  which 
form  the  recirculation  zone.  These  measured 
tangential  contour  Indicates  that  the  Jet  bent 
at  the  port  exit  to  the  swirl  direction  and  push 
the  neighbor  Jet.  which  demonstrate  strong 
swirling  trocholdal  vortex. 
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Fig.  3  Velocity  vector  profiles  (v-w) 
In  cross-section  area 


Fig.  5  Tangential  velocity  comtures 
In  the  Interfering  area 


The  reverse  flow  near  the  wall,  which  push 
the  recirculating  vortex  with  the  trocholdal 
vortex,  was  understand  by  the  axial  velocity 
profiles  In  the  upper  strcaa  of  Jet  ports  (  X  = 
90  mm  )  as  shown  In  Fig.  4.  The  negative  axial 
velocity  was  observed  near  the  wall  and 
Increased  with  Increasing  of  the  moBentum  ratio. 
Although  this  reverse  flow  existed  in  the 
vicinity  of  r/R  •  0.8  on  the  22.5' -plane,  a 
snail  reverse  flow  was  also  observed  near  the 
wall  on  the  45' -plane  and  the  67.5' -plane,  which 
Beans  that  the  main  part  of  the  Jet  collides 
with  the  neighbor  Jet  Just,  and  a  part  of  the 
Jet  separates  upstream  along  the  wall  and  with 
tangential  velocity.  When  the  moBentum  ratio 
was  high,  the  collision  of  the  Jets  became  Bore 
violently,  and  the  reverse  flow  In  the  near-wall 
region  grew  upstrcaB  and  pushed  the 
recirculation  vortex  upstreaB. 


The  characteristics  of  the  swirling  flow  In 
the  blocking  area  were  nade  clear  and  then  the 
size  of  the  blocking  area  and  the  flow  fron  the 
swlrler  was  Investigated.  The  results  are  shown 
In  Fig.  6.  In  the  plane  of  the  Jet  ports  (X=100 
bb), there  are  two  peaks  In  the  axial  velocity 
profiles.  The  peak  near  the  center,  foraed  by 
the  Jet  flows  bccane  high  with  Increasing  of  the 
BOBentuB  ratio  while  the  peaks  near  the  wall  was 
negligibly  affected  by  the  change  of  the 
BoaentuB  ratio.  This  Beans  that  the  near-wall 
axial  velocity  peak  shows  the  flow  from  the 
swlrler  avoiding  the  blocking  area.  The  hollows 
between  two  peaks  correspond  to  the  outline  of 
the  blocking  area.  The  position  of  the  hollow 
did  not  Bove  on  each  plane  even  when  the 
BomentuB  ratio  changed,  which  means  that  the 
blocking  area  Is  almost  fixed  In  spite  of 
BOBentuB  ratio. 
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Fig.  6  Axial  velocity  profiles  at  X  =  100  nm 

With  flowing  downstreaa  and  In  the  swirling 
direction  the  hollow  cone  near  to  center,  which 
wake  clear  the  fora  of  the  blocking  area  as 
shown  In  Fig.  7.  The  blocking  area  foraed  by 
the  Jets  have  strong  tangential  velocity  and  is 
not  axisyaaetrleal.  The  flow  froa  the  swlrler 
passes  through  the  restricted  area,  and  the 

axial  velocity  Is  accelerated.  There  are 
turbulent  shear  layers  In  the  axial  and 
tangential  directions  along  the  outline  of  the 
blocking  area. 
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Fig.  7  Illustration  of  the  blocking  area 


.1.3  Turbulence  energy 

Strong  turliulonce  was  generated  In  the 
collision  region  of  the  Jets  and  In  the 
Interaction  region  between  the  blocking  area  and 
the  flow  froa  the  swlrler.  Detail  Infoniatlon 
about  this  turbulence  Is  Inportant  not  only  to 
wake  clear  the  wlxlng  characteristics  of  the  jet 
flows  and  the  flow  froa  the  swlrler.  but  also  to 
know  flow  structure  which  doalnates  the  flow 
field. 

The  aaxiaua  of  the  turbulence  energy  was 
located  In  the  center  of  the  radius  of  test 
section  shown  In  Fig.  8.  The  region  of  the 
aaxiaua  Intensity  corresponds  to  the  jets 
collision  area  and  the  turbulent  shear  layer  In 
the  outline  of  the  blocking  area.  The  high 
turbulence  energy  region  was  alaost  isotropic  In 
the  case  of  the  woaentua  ratio  of  1.78.  In  this 
condition,  the  turbulence  was  governed  by  tbe 
collision  of  the  Jets  and  the  turbulence  shear 
flow  In  the  outside  of  the  blocking  area.  When 
aoaentua  ratio  was  high,  the  tangential 
turbulence  governed  the  turbulence  energy  In 
this  region  and  the  high  turbulence  region 
shifted  toward  the  center.  It  aeans  that  when 
anaentua  ratio  Is  high,  the  collision  and  the 
Interaction  heeoacs  significant  and  the 
turbulence  enci gy  becoae  large,  but  the 
Increasing  of  the  tuibuicncc  generated  by  the 
collision  Is  larger  than  that  generated  by  the 
Interference,  so  that  the  collision  of  the  Jets 
governed  the  turbulence  In  the  Interfering  area. 
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Fig.  8  Turbulence  Fnergy  and  turbulence 
rate  contours. 


4.  COHCUISION 

Three-dimensional  three  velocity  coaponents 
were  acasured  by  FI.DVs  In  order  to  eiucldnle  I  he 
Interfering  flow  structure. 

The  obtained  results  are  suamnrized  ns 
follows: 

(1)  The  Jets  collided  with  the  neighbor  Jets  and 
separated  Into  two  flows.  One  of  the  separated 
Jet  flowed  upstreaa  along  the  wall  with 
tangential  velocity. 

(2)  The  blocking  area  was  formed  by  the  Jets  and 
had  strong  tangential  velocity,  which  was  not 
axlsynaetrlc.  The  change  of  the  aoaentua  ratio 
did  not  affected  the  blocking  area. 

(3)  The  flow  froa  the  swlrler  avoided  the 
blocking  area  and  passed  downstreaa  along  the 
outline  of  the  blocking  area  where  strong 
turbulence  was  formed. 

(4)  An  Isotropic  turbulence  area  existed  In  the 
case  of  the  aoaentua  ratio  of  1.78.  When  the 
aoaentua  ratio  was  high,  the  Isotropic  area 
disappeared  and  the  tangential  turbulence 
dominated  the  flow  field  due  to  the  strong  Jet 
collisions. 
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Abstrcl 


Numerical  computation  method  is  widely  used  in  the  de¬ 
sign  or  most  Huid  mechanical  equipment. But.  In  comburtors.ft 
is  merely  in  the  state  of  beginning  since  t970-l980s.  Now.It  is 
fust  developing  in  most  contries. 

This  paper  is  a  numerical  computational  results  ot  the 
Howficld  distribution  of  a  annular  combustor. 

as  you  know.  The  How  parameter  of  the  viacosic  Huid 
chang  intensely  near  the  wall  of  ti'he.  So  that,  the  treatiment  of 
the  boundary  condition  is  a  very  important  problem  of  the  so¬ 
lution  of  the  governing  equations.  Recently,  a  curvelincar 
body-fitted  coordinate  had  been  dedevetoped.lt,  needs  a 
transformation  of  coordinates  that  transforms  a  perpendicular 
coordinate  of  the  calculated  region({,q,C)as  fowllowing. 

The  initial  governing  equations  in  polar-cylinder 
coordinate. 


—  {(•uip)  +  -^{rpc<p) 
Ox  r  Or 


dx  a ^  dx 


/ff 


Or  » 


9  and  corresponding  r^  S,in  following  table. 
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The  transformation  equation  is 

9,(x„  +  f  J',) -  -t  GX^)  =  0 
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<>,{r„  +  fr,)-  2?/,,  +  9,(r„  -1-  Gr,)  =  0 
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Then  the  final  equation  becomes. 
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Figl  is  the  typical  example  of  curvelincar  body- 

Bled  grid. 

Besides,  Some  calculated  results  of  the  gat  phase  flowficId 
distribution  in  an  annular  combustor  had  been  done,  one  with 
swirl  (By  vane  swiricr  angle  0=50*  ),  and  another  without 

twirl  (0  =  0  "  ). 

Fig2  shows  the  calculated  velocitg  vectors  distribution, 
you  can  tec  that  a  recirculation  rone  located  near  the  wall  of 
combustor  in  notwirl  condition,  and  its  length  it  quite  long. 
But  In  the  swirl  flow  condition.  This  boundary  rccirclation 

rone  dissappeares  and  a  strong  center  redrculalion  rone 
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appcarcs  instead. 

Fig3  is  the  axiai  veloity  contour,  you  can  see.  There  is  a 
large  velocity  gradient  over  the  place  where  the  contour  liness 
crowd  together,  It  induces  to  produce  a  strong  turbulent  mix¬ 
ing  between  air  and  fuel  drops  or  vapour,  because  it  is  inside  of 
primary  xone-initiation  of  combustion.  So  it  is  a  very  useful 
factor  for  the  combustion  and  flame  spreading. 

Fig4  is  the  pressure  contour.  Obviously  Tbe  pressure 
chang  is  almost  along  the  axis  direction  only. 

FigS  is  the  stream  line  distributron.  It  Shows  the  existing 
of  the  center  rccirclation  zone  more  obviosly  near  the  axis. 
Some  experiment  datas  had  been  plotted  in  it,  you  can  see.  The 
experiment  size  of  the  center  recirculation  zone  is  lager  than 
the  calculated  result.  Perhaps  it  is  due  to  the  selection  of  the 
turbulence  model. 
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Abstract 

In  usual  fuel  injectors.  The  liquid  fuel  is  atomized  by  the 
supply  pressure  of  the  fuel  system.  Its  major  drawback  is  that 
the  control  of  the  atomization  and  the  flow  rate  of  the  fuel 
supply  both  arc  accomplished  by  the  same  parameter-supply 
pressure  only.  In  the  low  flow  rale  condition,  especially  in  the 
high  altitude  of  night,  the  fineness  of  the  atomization  will  be¬ 
come  worse.  The.  It  induces  the  Combustion 
performances  decrease. 

A  development  of  the  injector  is  airblasi  injector,  it  can 
provide  good  atomization  than  the  usual  injector  over  the  en¬ 
tire  range  of  fuel  liowrate.  But  the  basic  drawback  of  this 
injector  is  its  iimited  size  of  the  injector.  In  the  other  words  the 
limited  path  of  the  air  restricts  Ihe  available  range  of  the 
parameters  of  the  atomization  air-How  rate  and  pressure  drop 
of  the  air. 

This  paper  is  a  investigation  of  the  atomization  of  the 
liguid  fuel  in  a  fuel  /  air  interior  like  lig.l.  It  includs  a  usual 
injector  in  front  of  the  flamctubc.  The  liguid  fuel  jets  from  the 
injertor  into  a  cylindrical  tube  which  it  in  line  with  the  center 
line  of  Ihe  primary  zone  of  flamctubc.  and  mi*  with  the  air 
which  flow  in  the  lube  surrounding  the  injector.  Thus,  a 
two  phase  mialare  of  fuel  and  air  is  formed  in  the  tube,  and  it 
flows  oownstream.  At  the  end  of  the  tube,  it  turns  90  degree 
and  emergs  from  Ihe  annular  canal  near  the  bottom  of  the 
lube,  then  flows  into  two  recirculation  zqnes  in  the  primary 
zone  of  flametube. 

Test  facilities  are  shown  in  fig2.  The  test  section  is  a 
pleal-glats  model  of  the  primary  zone  of  a  flametube.  Thus 
Ihe  test  can  modell  the  full  atomization  process,  at  the  same 
time,  we  can  obtain  the  flow  and  atomization  pattern 
visualization  results.  A  laser  device  was  used  to  measure  the 
degree  of  fineness  of  atomization  and  Sauter  mean  diameters 
of  the  fuel  drops. 

A  series  of  experiment  results  show  that  this  fuel  /  air 
injocier  device  retains  the  main  advantage  of  the  airblast 
injector  -  good  fineness  of  atomization  over  the  entire  work 


conditions  of  the  injector,  even  in  very  small  supply  pressure 
(0.5  ata).  its  typical  diameter  is  about  40-60  pm.  as  you  know, 
a  usual  injector  cannot  gives  so  good  flnenes  under  very 
low  supply  pressure  like  this.  Besides,  the  air  canal  of  this  de¬ 
vice  can  spread  the  available  range  of  the  regulation  of  fuel 
atomization,  without  the  requirement  of  high  supply  pressure 
or  high  velocity  of  the  air. 

Fig3  is  the  typical  experiment  result,  you  can  obtain  very 
small  fuel  drop  even  under  very  low  supply  pressure  of  the 
fuel,  as  you  know,  a  usual  mean  drop  size  of  a  general  injector 
is  about  lOOpm  under  standard  work  condition.  Besides, 
Increasing  the  velocity  of  the  inlet  air  v^in  front  of  the 
flametube  can  decreasre  the  drop  size. 

Fig4  is  shown  the  effect  of  chang  of  width  of  the  annular 
canal  on  the  fuel  drop  size.  Obviously,  small  width  can  pro¬ 
duct  the  narrow  and  small  path  of  the  air  passing  through  the 
annular  canal,  then,  the  outlet  velocity  of  the  air  is  higher  than 
the  large  width,  so  the  entrainment  of  Ihe  fuel  by  the  air  is 
more  strong  and  it  produces  small  fuel  drops. 

We  changed  the  form  of  flange  of  the  disk,  it  forms  a 
turn-angle  0.  we  obtained  a  experiment  result  for  the  fuel  drop 
size  in  different  value  of  0.  See  FigS.  Increasing  the  value  0. 
That  means  the  increasing  of  the  resistance  of  the  air  which 
flow  out  from  the  annular  canal,  and  the  velocity  of  it.  So  Ihe 
drop  size  increases. 

At  last.  From  the  visualisation  of  the  model,  the  full  pat¬ 
tern  and  machanism  of  the  atomization  of  this  injector  device 
can  be  derived  following. 

In  the  first  stage,  the  fuel  jet*  out  from  the  injector,  and 
form  a  initial  atomization  distribution  in  the  cylindrical  tube, 
then  It  flows  down  with  the  airstream  which  flowout  the 
annular  canal. 

Near  Ihe  outlet  and  of  the  cylindrical  tube  beeause  a  lot  of 
Ihe  toel  drop*  Impact  on  the  inner  surlliee  of  the  tube,  then 
they  form  a  fuel  film.  In  the  Bange  part  of  the  disk  them  is  an¬ 
other  fliel  nim  formed,  when  the  air  flow  out  the  annular 
canal.  It  entrain*  the  fuel  film*  slipping  away  Born  the  flanges 
of  the  anular  canal,  then  they  form  a  secendary  atomization 
process  in  the  primary  zone.  From  the  total  process  of  the 
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fuel  atomuation.  it  is  a  more  important  and  decisive 
process  of  the  full  atomization  proces.  See  Fig6. 
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1.  INTRODUCTION 

This  investigation  was  carried  out  to  improve 
understanding  of  the  processes  which  determine  the 
performance  of  a  model  of  a  reverse-flow  annular 
combustor  of  the  type  used  in  small  gas  turbines.  The 
model  combustor  incoporated  a  T-vaporiser  for  fuel  supply, 
Soiheran  (1984),  and  air  supplied  through  dilution  holes 
and  film-cooling  slots. 

Chow,  Senda  and  Whitclaw  (1989)  measured  the 
scalar  characteristics  of  a  similar  model  combustor,  but 
without  the  curved  exit  nozzle,  representing  the  primary  and 
dilution  zone  only  with  preheated  air,  at  515K,  and 
kerosene  as  fuel  and  the  same  experimental  conditions  were 
employed  in  this  study.  The  extent  to  which  the  nozzle 
influenced  the  combustion  characteristics  within  the 
combustor  were  examined  by  comparing  results  measured 
in  configurations  with  and  without  the  exit  nozzle. 

The  following  section  provides  a  brief  description  of 
the  geometry  of  the  combustor  and  instrumentation  with 
consideration  of  experimental  uncertainties.  Results  are 
presented  and  discussed  in  Section  3  and  summary 
conclusions  are  slated  in  the  final  section. 

2.  FLOW  CONFIGURATION  AND 
INSTRUMENTATION 

Air  at  near  atmospheric  pressure  and  .SI5K  was 
supplied  to  the  combustor  with  fuel  delivered  through  an 
airblast  atomiser  comprising  two  coaxial  metal  tubes  with 
inner  diameters  of  0..^mm  and  4mm.  The  air  (low  through 
the  vaporiser  was  the  minimum  required  to  vaporise  the 
spray  and  led  to  an  air- fuel-ratio  of  2  for  the  mixture 
emerged  from  the  vaporiser.  Overall  air-fuel  ratios  were  Sf* 
and  60  corresponding  to  the  take-off  and  ground-idle 
conditions  respectively  for  the  Gem-bO  engine  with  the 
mass  flow  rales  scaled  according  to  the  parameter 
mT'^VAP,  where  m  is  the  mass  flow  rate.  T  is  the 
lempentiiire,  P  is  the  pressure  at  the  inlet  to  the  combustor 
and  A  is  the  cross-seciionat  area  of  the  combustor. 

The  geometry  of  the  model  combustor  is  shown  in 


Figure  I .  It  consists  of  nine  film-cooling  slots,  a  set  of  five 
primary  holes  located  on  the  lower  wall  with  two  in  line 
with  the  vaporiser  exits  and  two  sets  of  dilution  holes 
staggered  by  a  half  pitch  with  respect  to  the  primary  holes. 
The  first  set  of  four  dilution  holes  is  located  on  the  upper 
wall  and  the  second  .set  of  two  on  the  lower  wall. 

Temperature  measurements  were  obtained  with 
thermocouples  made  from  80  pm  platinum  /  1 3%  rhodium 
and  platinum  wires.  The  temperature  signal  was  amplified, 
digitised  and  processed  in  a  microcomputer.  The 
uncertainties  in  the  temperature  measurements  due  to 
conduction  and  radiation  were  found  to  be  less  than  0. 1  % 
and  around  5%  respectively.  The  results  are  close  to 
unweighted  mean  values  as  suggested  by  Toral  and 
Whitelaw  (1982)  and  the  comparatively  low  gas  velocities 
imply  that  the  themiocouple  outputs  are  related  to  the  local 
static  temperature. 

Gas  samples  were  extracted  through  a  stainless-steel 
water-cooled  probe  with  outside  and  inside  diameters  of 
8.0  and  I.Omm  respectively.  The  sample  was  sucked 
through  the  probe  by  a  pump  and  passed  through  to  the 
infrared  gas  analy.scrs  (for  CO  and  CO2),  paramagnetic 
analy.ser  (for  Oj)  and  flame  ioni.sation  detector  (for  UHC). 
Uncertainties  in  the  measurement  of  the  various  gas 
concentrations  were  less  than  ±  0.5%  of  the  full  .scale  of 
each  analyser  and  the  uncertainty  of  each  g,as  concentration, 
associated  with  satnple  handling,  should  be  less  than  10% 
of  the  maximum  concentration  as  suggested  by  Heitor  and 
Whitelaw  ( 1986)  and  the  measured  concentrations  of  major 
species  are  expected  to  be  close  to  density- weighted 
averages. 

3.  RESULTS  AND  DISCUSSION 

The  distributions  of  measured  temperature,  and  the 
corresponding  enthalpy  balance  temperature,  are  shown  in 
Figure  2  and  3  for  air-fuel  ratios  of  60  and  36  respectively. 
In  both  cases,  high  temperature  regions  were  found  close  to 
the  inner  wall  of  the  curved  exit  nozzle  with  maxima  of 
1 350K  and  I6S0K  for  the  two  air-fuel  ratios.  The  enthalpy 
balance  temperatures  were  generally  about  50  to  l(K)K 
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lower  than  the  measured  ones  which  is  in  accordance  with 
the  finding  of  Chow,  Senda  and  Whitelaw  (1989).  The 
calculated  pattern  factors,  based  on  78%  of  the  area  of  the 
exit  plane,  are  0.22  and  0. 1 8  for  air-fuel  ratios  of  60  and  .^6 
respectively. 

Figure  4  shows  the  distributions  of  major  species 
concentrations,  on  a  wet  basis,  and  calculated  equivalence 
ratio  for  the  air-fuel  ratio  of  60.  The  maximum  equivalence 
ratios,  above  0.3,  were  found  close  to  the  inner  wall  of  the 
curved  bend  and  the  equivalence  ratios  at  the  outer  bend 
were  generally  about  0.2.  No  distinct  hot  zone  was 
observed  across  the  width  of  ',he  exit  plane  and  maximum 
levels  of  UHC  and  CO  were  0.006  (mole  fraction  of 
C12H25)  and  0.15%  respectively.  This  corresponded  to 
emission  indices  of  CO  and  UHC  of  50  and  5  respectively 
which  led  to  a  combustion  efTiciency  of  98.3%. 

The  species-concentiation  distribunons  for  the  air-fuel 
ratio  of  36  are  shown  in  Figure  5.  The  fuel  rich  regions, 
with  maximum  equivalence  ratios  of  0.4",  remained  close 
to  the  inner  wall  as  in  the  case  for  the  higiier  air-fuel  ratio. 
Maximum  levels  of  UHC  and  CO  increased  to  0.(X)9  and 
0.18%  respectively.  Compared  to  the  higher  air-fuel  ratio 
condition,  the  emission  indices  of  CO  and  UHC  increased 
to  68  and  6  respectively  and  a  slight  decrease  in  combustion 
efficiency  to  97.8%  resulted.  The  performance  of  the 
combustor  with  the  curved  exit  nozzle  in  terms  of 
combustion  efficiency,  emission  indices  of  CO  and  UHC 
and  pattern  factor  is  also  shown  in  Table  I . 

The  distributions  of  species  concentrations  at  the  exit 
of  the  curved  nozzle  of  Figure  4  and  5  for  the  two  air-fuel 
ratios  are  compared  with  those  at  the  exit  of  the  combustor 
without  the  nozzle  to  quantify  the  effect  of  the  nozzle  to  the 
combustion  processes.  For  ground-idle  condition,  the 
maximum  value  of  equivalence  ratio  decreased  from  0.42. 
at  the  entry  to  the  nozzle,  to  0  3,  at  the  exit,  due  to  the 
additional  air  from  the  cooling  slots  inside  the  curved 
nozzle.  The  two  distinct  hot  zones  at  the  entry  disappeared 
at  the  exit  due  to  the  intense  mixing  within  the  nozzle 
caused  by  the  severe  contraction  in  cross-sectional  area  (the 
area  ratio  between  the  entry  and  the  exit  is  4,25).  The  high 
concentrations  of  fuel  at  the  outer  half  of  the  combustor 
were  pushed  to  regions  near  the  inner  wall  due,  in  part,  to 
the  secondary  flow  inside  the  bend.  Moreover,  the  fluid 
near  the  outer  wall  was  diluted  by  the  air  coming  out  from 
the  three  film-cooling  slots  at  the  outer  wall  of  the  nozzle. 

The  average  concentrations  of  UHC  and  CO  dropped 
from  0.009  to  0.006%  and  from  0.18  to  0.12% 
respectively  within  the  bend  in  the  ground-idle  condition. 
Taking  into  account  the  dilution  by  the  extra  air,  which  was 
about  40%  of  that  coming  into  the  combustor  in  further 
upstream  regions,  from  the  cooling  slots  within  the  bend, 
the  absolute  amount  of  CO  and  UHC  actually  decreased  by 
very  little  inside  the  bend.  Therefore,  it  can  be  concluded 
that  the  fuel  and  CO  bum-up  process  almost  ceased  at  the 
entry  of  the  bend.  This  is  because  the  temperature  in 
regions  of  high  concentrations  of  CO  and  UHC  was  below 
HOOK  which  is  the  kinetic  limit  on  fuel  and  CO  burn-up 
rate  as  suggested  by  Levebvte  (1983). 


For  take-off  condition,  the  average  concentrations  of 
UHC  and  CO  dropped  from  0.04  to  0.007%  and  0.8  to 
0.15%  respectively.  Contrary  to  the  higher  air-fuel  ratio 
condition,  the  combustion  processes  continued  beyond  the 
entry  of  the  curved  bend  and  the  fuel  breakup  and  CO  to 
C02  conversion  took  place  as  a  result  of  the  higher 
temperature,  about  1800K,  at  that  plane  since  the  kinetic 
limitation  of  the  fuel  and  CO  bum-up  were  overcome. 

4.  CONCLUSION 

The  main  conclusions  can  be  summarised  by  the  following 
paragra:>hs; 

1.  For  take-off  condition,  air-fuel  ratio  of  36, 
combustion  processes  continued  beyond  the  entry  to  the 
curved  nozzle  led  to  lower  emission  indices  of  CO  and 
UHC  of  68  and  6  and  a  better  combustion  efficiency  of 
97.8%  ,  as  compared  to  the  entry  jf  the  nozzle,  at  the  exit 
of  the  nozzle. 

2.  An  increase  in  air-fuel  ratio  from  36  to  60  resulted  in 
an  increase  in  pattern  factor  from  0.18  to  0.22  and  in 
combustion  efficiency  from  97.8%  to  98.3%  at  the  exit  of 
the  nozzle. 
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Table  1 

Air-fuel 

Pattern 

EIco  EIuhc 

Combustion 

ratio 

factor 

(g/kgfuel)  (g/kgfuel) 

efficiency  (%) 

36 

0.18 

68  6 

97.8 

60 

0.22 

50  5 

98.3 
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Figure  2  Measured  and  Enthalpy  Balance  Temperature  in 
the  Exit  Plane  for  Air-Fuel  Ratio  of  60 


Figure  3  Measured  and  Enthalpy  Balance  Temperature  in 
the  Exit  Plane  for  Air-Fuel  Ratio  of  36 


Figure  4  Diitiibuiiom  of  Major  Species  Concentrations  in  Figure  5  Distributions  of  Major  Species  Ctmcentrations  in 
the  Exit  Plane  for  Air-Fuel  Ratio  of  60  the  Exit  Plane  for  Air-Fuel  Ratio  of  36 
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INTRODUCTION 

Petailed  dat.a  in  the  combution  region 
of  a  gas  turbine  combustor  have  been 
obtained  by  using  a  model  combustor  to 
interpret  the  structure  of  combustion 
region.  In  the  previous  work  the  effects 
of  secondary  air  on  the  exhaust  emissions 
l\ave  been  ver  i  f  i ed (  1  I  t  2  )  .  The  authors 
report  here  the  profile  of  gas  flow, 
lemperafure  and  gas  composition  in  the 
combustor  for  various  operating  conditions 
and  discuss  on  the  structure  of  the 
crimbustion  region. 

MODEL  COMBUSTOR 

The  model  combiistor  used  for  the 
experiments  is  shoim  in  the  Fig.  1.  It  is 
a  can-type  straight  flow  combustor  with  a 
liner  of  125  mm  in  diameter  and  T60  mm  in 
length.  A  pepping  window  with  a  quartz 
glass  is  provided  at  the  liner  wall  to 
pass  laser  tteams  for  velof-ity  measure¬ 
ments,  The  downstream  side  is  open  to  the 
at  mosphere , 

Thf*  comtnistion  air  is  supplied 
through  the  annular  path  after  passing 
through  the  swirl  generator  to  give  a 
settled  swirl  strength.  Pure  propane  for 
industrial  use  (97X  purityl  is  injected  at 
the  injection  angle  of  90  degrees  from  the 
multi-hole  injector  with  21  holes. 

MEASUREMENTS 

The  laser  doppler  .anemometry  using  a 
two-beam  back  scattering  type  optical 
system  has  been  used  to  measure  the  flow 
in  the  combustion  region.  The  beams  from 
n  25  mW  Hp-Np  laser  pass  through  the 
quartz  window  of  the  liner.  MgO  particles 
less  than  2  urn  in  diameter  were  introduced 
directly  to  the  combustion  region  as  the 
scattering  particles  with  a  stainless  tube 
of  2  mm  in  outer  diameter. 

The  gas  temperature  was  measured  by  a 
silica  coated  rt/rt-Rhl1%  thermocouple  of 
50  urn  in  original  diameter,  which  was 
inserted  from  the  downstream  of  the 
combustor.  Correction  of  the  error  of 
measured  values  was  not  made. 

The  combustion  gas  was  sampled  with  a 
water-cooled  stainless  steel  probe  and 
analyzed  by  a  gas  chromatograph. 


Exper  iment.al  parameters  adopted  wore 
the  amount  of  mass  flow  of  combustion  .air, 
M.a  (kg/s),  the  swirl  number  of  eombustion 
air,  S,  ami  I  be  air/fuel  rnlio,  Ma/Mf. 
The  sUindard  condition  was  fixed  to  Ma  = 
27x10  ‘  kg/s  ( referonr.'e  velof'ity  at  inlet 
eondition  U  =  ,3.15  m/s),  .Sr  1.0  and  M.a/Mf 
:  15.7. 

EXPERIMENTAL  RESULTS 

•T.l  Effects  of  Swirl  Strength 

Figure  2  sliows  the  slrenm  lines  for 
three  different  swirl  numbers.  The  stream 
lines  are  expressed  by  using  the 
normalized  stream  function • 

At  the  standard  condition  a  recir¬ 
culation  zone  (R.  Z.  )  is  developed  in  the 
combustion  region  and  a  stabilized  flnme 
is  forni(!d.  The  .amotint  of  recirculating 
gas  is  7  to  9  X  of  the  total  m.ass  flow. 
The  radial  position  of  the  outer  boundary 
of  the  R.  Z.  is  0.85  in  r/R,  and  the  down¬ 
stream  position  of  R.  Z.  is  0.9  in  z/D. 

On  t.aking  notice  of  the  effects  of 
swirl  strength,  the  R.  Z.  is  formed  in  the 
downstream  region  near  the  fuel  injector 
at  the  swirl  number  larger  than  0.6.  Wi  t,h 
increase  in  the  <wirl  number  the  vortex 
center  shifts  to  the  outer  side  and  do(ai- 
stream  side  due  to  the  increase  of  nngiilar 
momentum  of  combustion  gas.  The  size  of 
R.  Z.  grows  as  the  swirl  number  increases 
and  at  S  :  1.5  it  becomes  1.5  times 

compared  with  that  at  R  z  0.7. 

Figure  3  indicates  the  isothermal  lines 
in  the  combustion  region  for  three  dif¬ 
ferent  swirl  conditions.  It  can  be 
inferred  from  the  figures  that  the  flnme 
expands  outside  and  shifts  to  the 
upstream.  At  this  range  of  swirl  strength, 
however,  since  a  recirculation  zone 
develops  sufficiently  near  the  fuel 
inJe<'tor,  the  temperature  profiles  do  not 
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(a)  S  =  0.7 


(b)  S  =  J.O  (c)  S  =  1.5 

Fig.  3  Isothermal  lines  for  various  swirl  numbers 


differ  so  much  each  other  and  a  high 
temperature  zone  exists  near  the  injector. 

The  profiles  of  the  axial  component 
of  flow  velocity  and  its  fluctuation  at 
the  cross  section  of  z/D=0.4,  where  is  the 
center  of  R.  Z.  ,  are  indicated  in  Fig.  4. 
There  exist  no  large  differences  of 
velocity  according  to  the  swirl  conditions 
but,  on  increasing  the  swirl  strength,  the 
reverse  flow  xone  expands  outside  and  the 
velocity  gradient  in  the  main  stream 
region  increases.  The  velocity  flue- 
tuation  becomes  less  at  the  reverse  flow 
zone  with  the  swirl  increase  but  in  the 
forward  flow  zone  it  tends  to  increase. 
The  tangential  velocity  component  becomes 
high  at  every  radial  position  with  a  swirl 
increase,  as  a  matter  of  course. 

From  these  experimental  results,  the 
volume  of  R.  Z.  grows  with  a  swirl 
increase  and  the  axial  velocity  in  the 
main  strenm  flowing  downstream  around  the 
R.  Z.  increases.  As  the  results,  the  fuel 
injected  to  a  high  swirl  air  flow  cannot 
penetrate  the  main  stream  and  most  of  the 
fuel  flows  downstream  with  the  main  stream 
and  consequently,  an  excessive  swirl 
lowers  the  combustion  efficiency.  The 
temperature  in  the  R.  Z.,  however,  rises 
with  swirl  increase  because  the  residence 
lime  in  the  R.  Z.  increases  due  to  the 
increase  of  tangential  velocity  component 
(which  was  verified  by  measurement ' ‘ M  and 
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Fig.  4  Axial  velocity  distributions  for 
various  swirl  numbers 


chemical  reactions  in  the  zone  progress 
sufficiently . 


3j.2  Effects  of  Mr/Fuel  Ratio 

Figure  5  indicates  the  stream  linos 
of  the  combustion  region  for  three  dif¬ 
ferent  air/fuel  ratio  conditions. 

On  increasing  the  air/fuel  ratio  from 
15.7  to  26.2,  the  length  of  the  R.  Z. 
becomes  short,  but  at  a  very  lean 
condition  of  Ma/Mf=5Z.3  the  flame  expands 
as  a  cup-1  ilie  shape  and  the  length  of  R. 
Z.  increases  and  nears  that  of  the  cold 
f  1  ow . 


(a)  Ma/Mf  =  15.7  (b)  Mn/Mf  =  26. 2  (c)  Ma/Mf  =  52.3 

Fig.  5  .Stream  lines  for  various  air/fuel  ratios 


(a)  Ma/Mf  =  15.7  (h)  Ma/Mf  =  26.2  (c)  Ma/Mf  =  52.3 

Fig.  6  Isothermal  lines  for  various  air/fuel  ratios 


The  isothermal  lines  are  indicated  in 
Fig.  6  for  three  different  air/fuel 
conditions.  At  the  leaner  conditiorit 
Ma/Mf  =  26.2,  compared  with  the  standard, 
since  the  fuel  injected  diffuses  immedi¬ 
ately  into  the  air  flow  and  reacts 
rapidly,  the  temperature  rises  in  the 
upstream  region.  The  temperature  inside 

the  R.  Z.  reaches  1500  *C.  At  the  leaner 
condition,  Ma/Mf  =  52.3,  the  temperature 
becomes  high  along  the  flame  expanding 
like  a  cup-shape  but  it  lowers  in  the  R. 
7,  whose  length  becomes  longer  as  the 
results. 

The  axial  velocity  component  and  its 
fluctuation  at  the  cross  section  of  z/D  = 
O.i  are  shown  in  Fig.  7  for  three 
different  air/fuel  ratio  conditions. 

The  axial  velocity  presents  about  the 
s.ame  value  for  all  air/fuel  ratios  but  the 
fluctuation  increases  more  at  the  leaner 
condition.  The  tangential  velocity 
component  does  not  change  so  much  due  to 
the  change  of  air/fuel  ratio  but  at  an 
extremely  lean  condition  the  velocity  and 
its  fluctuation  decrease  because  of  less 
heat  release. 


3  Flo”  Lines  of  Each  Gas  Comnonen  t 

Naas  flow  of  each  gas  component  can 
he  obtained  from  the  velocity,  temperature 
and  gas  composition  data  by  using  the  same 
calculating  process  as  the  stream 
function.  Mass  flow  lines  of  CgHg  and  Oo 
are  indicated  in  Fig.  8  for  the  standard 
i;ondition.  The  shaded  area  indicates  the 
R.  Z.  obtained  from  the  stream  lines. 

Mass  exchange  by  eddy  diffusion  comes 
into  existence  at  the  shear  flow  region 
tie  tween  the  R.  Z.  and  the  main  stre.am 
region.  The  boundary  of  R.  7.  of  oxygen 
flow  exists  inside  the  R.  Z.  boundary  of 
the  overall  gas  flow,  which  is  due  to  the 
oxygen  supply  from  the  main  flow  to  R.  7. 
Propane  expands  to  some  extent  by  the 
existence  of  R.  7.  and,  after  reaching 
near  the  liner  wall,  seems  to  diffuse  into 
I  he  combustion  gas  flow.  There  exists 
propane  of  fairly  high  concentration  in 
the  upstream  of  the  main  stream,  and 
chemical  reactions  producing  CO  and  CO2 
seem  to  occur  to  a  certain  extent  in  the 
upstream.  At  the  stoichiometric  air/fuel 
r.atio  condition,  fair  amount  of  CO  is 
sampled  in  the  gas  flowing  at  the 
downstream  of  the  main  combustion  region, 
which  means  that  the  chemical  reactions 
are  not  completed  only  around  the  R.  Z. 

•1^'!  FI™!®  StSLJii^ing  Mechanism 

The  enthalpy  flow  rate  across  the 
cross  section  of  the  R.  Z.  which  passes 
the  vortex  center  was  estimated  from  the 
measured  values  of  flow  velocity  and  gas 
temperature.  The  enthalpy  flows  in  i  he 
backward  and  forward  direction  following 
to  the  gas  flow  in  the  R.  Z. 

Due  to  calculations  based  on  the 
experimental  results  the  backward  enthalpy 
flow  exceeds  the  forward  one.  The 
difference  between  the  two  is  equivalent 
to  the  heat  supplied  to  the  main 
combustible  gas  stream  to  Ignite  and  react 
i  t . 

Both  the  forward  and  backward 
enthalpy  flows  increase  with  the  increase 
of  swirl  number  from  0.7  to  1.5  and  also 
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(a)  Axial  velocity  (b)  Velocity  f I uotuntion 
Fig.  7  Axial  velocity  distributions  for 
various  air/fuc]  ratios 


(b)  C3II8 

Fig.  8  Fquimass  flow  lines  for  Og  and  Cgllg 


the  difference  of  the  two  Increases  from 
2.6  to  4.3  %  of  the  heating  value  of 
supplied  fuel.  It  means  that  the  air 
swirl  contributes  to  flame  stabilization 
at  the  combustion  region. 

When  the  air/fuel  ratio  is  decreased 
to  52. 3,  the  backward  enthalpy  flow  in  the 
I'ee i  rcu  1  a t  i  on  zone  decreases  but  the 
forward  one  changes  little.  As  the 
results,  the  difference  of  the  tt./o 
decreases  with  air/fuel  ratio  decrease  but 
the  relative  quantity  normalized  by  the 
supplied  heating  val\ie  is  kept  almost 
constant  to  stabilize  the  flame. 


CONCLUSION 

■  Detailed  measurements  of  temperature, 
velocity  and  gas  composition  in  the 
combustion  region  of  a  model  combustor 
were  conducted  and  following  results  has 
been  obtained. 

(11  The  size,  shape  and  velocity 
distribution  of  a  recirculation  zone 
depend  on  the  air  swirl  and  air/fuel 
ratio. 

(2)  At  a  stable  combustion  condition,  a 
fuel  jet  with  suitable  penetration  reaches 
near  the  liner  wall  and  diffuse  in  the  air 
flow  and  reacts  to  form  a  high  temperature 
region  in  the  upstream. 

(.1)  The  enthalpy  a<ipp1icd  to  the  main 
flow  from  the  recirculation  zone 
contributes  to  the  flame  atabilizatlon. 
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Development  of  Gas  Turbine  Combustors  for  Low  BTU  Gas 


I.  Fukue,  S.  Mandai  and  M.  Inada 


1.  INTRODUCTION 

Large-eapicity  combined  cycles  with  Mgb-tempeni- 
tuie  gas  turbiiies  buniing  petroleum  fuel  or  LNG  have 
already  been  operated  in  Uavt  numbers  in  both  domestic 
and  foreign  courttries  and  have  achieved  good  results. 
On  the  odier  hand,  as  the  power  generation  technology 
utilizing  coal  burning  the  coal  gasification  comNned  plants 
are  also  under  research.  Since  coal-gasifled  gas  is  lower 
in  BTU  and  harder  to  bum  than  oonventioiial  fuel,  de- 
veltmment  of  this  combustor  is  one  of  the  important 

firobtems  to  be  solved.  To  develop  the  combustor  burning 
ow  BTU  gas  in  our  company,  we  have  proceeded  tte 
study  for  Mast  furnace  gas,  i.e.  by-product  gas  in  the 
ironworks  and  have  sucmeded  in  practical  use  of  the 
multi-can  type  combustor  burning  low  BTU  gas  in  the 
combined  plant  supplied  to  Chiba  Works,  Kawasaki  Steel 
Corporation. 

The  following  technical  problems  for  this  combustor 
have  been  overcome,  and  through  the  demonstration  tests 
with  actual  gas  the  combustor  has  been  made  fit  for 
practical  use; 

(1)  Development  of  multi-can  type  combustor  for  large- 
capacity  gas  turbine 

(2)  Wide-range  stable  combustion  technology  by  means 
of  air  by-pass  mechanism 

(3)  Combustor  cooling  construction  of  high  efRciency 
This  paper  introduces  the  combustion  technolc^y 
obtained  through  development  of  the  above  combustor 
burning  low  BTU  gas. 


2.  DEVELOPMENT  OF  COMBUSTOR 

2.1  Develwment  of  Multi-Cannular  Type  Gas  Tur¬ 
bine  Combustor  Burning  Low  BIU  Gas 

Recently  in  the  ironworks  most  of  the  exlemally- 
dcpendent  energy  sources  are  covered  by  coal.  Hus 
coal  energy  is  converted  to  such  various  kinds  of  by¬ 
product  gas  as  blast  furnace  gas,  coke  oven  gas,  converter 
gas,  etc.  in  the  processes  where  coal  is  used  in  iron- 
manufacturing  presses.  Table  1  shows  the  tyidod 
composition  of  by-product  gu,  combustion  velocity  as 
an  index  of  the  combustion  niwity  (laminar  flow  maximum 
combustion  velocity)  and  the  combustible  range.  In  the 
table  also  the  values  of  LNG,  i.e.  typical  Mgh  BTU 
fuel,  are  shown  for  the  purpose  of  comparison. 

Among  the  above  ptMuct  gu,  since  blul  furnace 
gu  conudna  plentv  of  inert  gu  in  spite  of  its  abundant 
moducl  volume,  its  calorific  value  is  u  low  u  600- 
sOOkeal/Nm’,  and  moreover  it  is  remarkably  poor  in 
cofflbosfion  quality.  Theielbie,  its  appUcadon  wu  limited 
to  such  combustion  equipment  of  relstively-low  combustion 
load  tales  u  boilers  and  so  on. 


Table  1  Typical  composition  and  combustion 
quality  of  by-product  gu 
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On  the  other  hand,  in  West  Europe,  U.S.A.  and 
Jiqian,  after  Woiid  War  11  it  wu  tried  to  apply  blut 
furnace  gu  to  gu  turbine  fuel.  Several  gu  turbines 
burning  Mast  furnace  gu  were  constructed  and  put  in 
practicu  use.  However,  in  many  of  them,  because  of 
the  low  combustion  qu^ty  of  blast  furnace  gu  large 
combustors  of  the  single  cylinder  type  with  low  combustion 
load  rates  were  luranged. 

Hg.l  shows  the  cross  section  of  the  20,000kW 
clus  gu  turbine  burning  blut  furnace  gu.  In  addition 
the  cross  section  of  the  same  class  muTti-cannular  type 
gu  turbine  is  shown  for  the  purpose  of  comparison. 
The  conventional  gu  turbine  burning  blut  furnace  gu 
wu  so  designed  that  the  combustor  diameter  wu  incrcucd 
to  lower  tte  combustion  load  rale  and  its  length  wu 
increased  to  lengthen  the  staying  time  of  combustion 
gu.  Thus,  the  size  of  the  combustor  became  large 
and  neviy  equal  to  that  of  the  turbine  main  body  u 
shown  in  Fig.l. 

For  temperature  incteuing  for  the  purpose  of  in- 
creuing  the  efliciency  of  the  gu  turbine  proper  or  the 
combined  efliciency  for  comMnation  with  the  steam  turMne, 
the  gu  turbine  irdet  temperature  wu  limited  to  about 
1000°C  from  the  viewpoint  of  the  combustion  technology 
due  to  the  low  BTU  of  Mast  furnace  gu  and  of  tM 
cooling  technology  of  the  scroll  that  guides  combustion 
gu  to  the  turbine. 

Further,  for  cimacity  increasing  of  the  gu  turbine, 
two  or  more  sets  or  the  large  combustors  nearly-equal 
in  size  to  the  gu  turbine  proper  are  requited  u  mentioned 
above,  when  they  are  designed  with  the  combustion  load 
rates  eqMvalent  to  the  conventional  experience  values. 
It  it  dinicult  realistically  to  materialize  this  from  the 
viewpoint  of  their  arrangement  and  so  on. 

In  the  above  bnek^und  it  wu  indispenuMe  in 
applying  Matt  furnace  gu  to  large-capacity  high-temperature 
gu  tuinnes  to  develop  such  compact  multi-cannulu  t^ 
combustors  u  conventional  ones  used  for  high  BTU 
fuel  For  this  purpose  it  wu  lequiied  to  imrove  the 
combustion  characteiislics  by  increasing  the  BTU  of  Mast 
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furnace  gas  and  by  increasing  the  turbine  inlet  temperature. 
Then,  ajpplication  of  high  BTU  by-pioduct_  gas  in  the 
iionworo  was  oonsideiea  to  this  BITJ  iiicreaang  purpose. 
Coke  oven  gas  or  converter  gas  could  be  usd  for  this 
purpose,  but  it  was  important  to  Hmit  its  use  rate  as 
low  as  possiUe  because  of  the  energy  balance  in  the 
ironworia. 


to  overcome  the  technical  problems  in  designing  the 
combustor  as  shown  below. 


2.2  Development  of  Combustor  that  can  Keep  BTU 
Increase  to  Required  Minimum  and  Mtnntain  Stable 
and  Hi^h  Combustion  Efficiency  in  Wide  Gas  T urbine 
Operawm  Range 


Ftg.l  Cross  section  of  gas  turbine  burning 
blast  furnace  gas 


Fig.2  shows  the  expanding  tendency  of  the  com¬ 
bustible  range  for  increased  BTU  gas  when  blast  furnace 
gas  is  mixed  with  coke  oven  gas  to  increase  the  BTU. 


'’t'TD  iM  «M  m  KH  HO  lOM  tIM 
Incrttffd  calorific  valut  l''V  (kcal/Ma’) 

Hg.2  Combustion  cmality  improving  effect  by 
increasing  BTU  of  blast  furnace  gas 

As  seen  in  this  figure,  the  BTU  should  be  in¬ 
creased  to  about  900kcal/Nm’  at  least  in  order  to  obtain 
the  combusdMe  range  equal  to  that  of  conventional  high 
BTU  gat.  (Refer  to  methane  in  Table  1.) 

'Die  combustible  range  more  than  that  of  natural 
gas  could  be  obtained  by  Increasing  the  BTU,  because 
of  the  high  combustion  qualily  effect  of  coke  oven  gas. 
However,  since  the  BTU  increasing  rate  had  to  be  kept 
as  low  u  possible  from  the  viewpoint  of  energy  balance 
in  the  ironworks  as  ."lentioned  above,  it  was  necessary 


Hg.3  shows  the  change  of  the  combustion  efficiency 
versus  turbine  inlet  temperature  when  blast  furnace  gas 
mixed  with  coke  oven  gas  to  increase  the  BTU  is  burnt 
in  the  muld-cannular  type  combustor  of  the  normal  size. 


Fig.3  Effect  of  increased  BTU  on  combustion 
efficiency 


In  order  to  cany  out  combusdon  with  the  stable 
and  high  combusdon  effidem^  maintained  in  all  load 
range  of  the  gas  turbine,  the  BTU  had  to  be  increased 
to  about  2,000kcal/Nm’  for  the  convendonal  combustor. 

Further,  we  have  noticed  in  Fig.3  that  even  in 
combt’sdon  of  low  BTU  gas  the  high  combusdon  efficiency 
can  be  attained  by  maintaining  the  turbine  inlet  gas 
temperature  at  about  900°C  or  higher.  Thus,  we  have 
tried  to  solve  the  above  technical  problems  by  supplying 
part  of  combustor  air  to  the  downstream  side  of  the 
combustion  region  and  also  by  adopting  the  air  flow 
regulating  variable  mechanism  that  can  control  the  above 
air  flow  in  accordannee  with  the  gas  turbine  load  (see 
r.g.4). 


Hg.4  Construction  of  combustor 

Fig.S  shows  the  combustion  cffidency  improvement 
effecl  of  this  air  flow  regulating  variable  mechanism 
at  the  gu  turbine  no-load  condition  when  the  blast  furnace 
gas  BTU  is  increased  to  lOOOkcal/Nm’. 

The  muld-cannular  type  combustor  having  this  air 
flow  regulating  mechanism  can  keep  the  BTU  increasing 
tale  of  blast  fiunace  gas  as  low  as  possible  and  moreover 
enables  the  opetadon  that  can  maintain  the  stable  and 
high  combustion  effkiency  in  the  wide  operation  range 
from  the  no-load  of  the  gas  turbine  to  its  rated  loM. 

By  overcoming  the  arave-mendoned  technical  prob¬ 
lems  in  developing  the  muld-cannular  type  combustor 
burning  low  Bill  gas,  we  obtained  the  prmpect  to  make 
the  large-capadty  nigh-temperature  gas  turbine  burning 
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low  BTU  gas  fit  for  practical  use. 


Hg.S  Combustion  efficiency  improvemmt  effect 
by  means  of  air  flow  tegulaling  vaiiaUe 
mechanism 

However,  in  making  this  combustor  fit  fin'  practical 
use,  the  final  verification/confirmation  of  the  following 
items  in  the  actual  device  design  had  to  be  carried  out; 

•  Shape  of  fuel  nozzle 

•  Selection  of  air  velocity  in  cross  section  of  combustor 

•  Optimization  of  air  distribution  by  means  of  air  hole 
arrangement 

•  Confirmation  of  direct  firing  with  ignition  plug 

•  Combustion  characteristics  during  firing  and  sp^ 
increasing 

For  this  purpose,  before  carrying  out  fundamental 
designing  of  the  plant,  we  have  carried  out  the  atmospheric 
pressure  combustion  test  with  the  full-scale  combustor 
and  actual  blast  furnace  gas  in  the  site  of  Chiba  Ironworks, 
Kawa&.Jd  Steel  Corporation. 


operating  the  actual  combustor  with  fuel  of  l,000kcal/ 
Nm’  or  higher  in  increased  calorific  value. 

(3)  Combustion  characteristic  during  speed  increase 

- Rg.7.3 

The  multi-carmular  type  combustor  with  the  air 
flow  regulating  variable  mechanism  can  increase  the  speed 
during  the  finng  and  speed  increasing  operations  with 
fuel  of  l,OOOkcu/Nm’  in  calorific  value,  maintaining  the 
combustion  efficiency  at  99%  or  higher. 
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Rg.7-3  Combustion  characteristic  during 
gas  turbine  speed  increase 

(4)  Load  characteristic -  Fig.7-4 

The  combustor  can  keep  stable  combustion  with 
the  air  flow  regulating  variaUe  mechanism  within  the 
range  from  gas  turbine  no-load  to  its  rated  load,  maintaining 
the  combustion  efficiency  at  99.5%  or  higher.  In  additio*', 
low  BTU  gas  having  an  intrinsically-low  flame  temperature 
has  the  advantage  01  a  low  NOx  generation  rate.  Therefore, 
the  combustor  ciui  have  low  NOx  combustion  of  20ppm 
in  exhaust  density  (Oj  5%  conversion)  or  lower  without 
such  low-NOx  countermeasure  as  water  or  steam  injection 
into  the  combustion  as  shown  in  the  figure. 
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(1)  Firing  performance -  Rg-7-1 

When  blast  furnace  gas  is  mixed  with  coke  oven 
gas  to  increase  the  BTU  to  about  l,000kcal/Nm’  or  higher, 
direct  firing  is  possible  with  an  ignition  plug. 


(2)  Blowing-out  performance -  Rg.7-2 

It  is  confirmed  that  the  flame  stability  at  assumed 
gas  turbine  load  cutoff  has  no  hindrance  ^ecially  in 
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Rg.7-4  Load  characteristic;  Combustion  efficiency 
and  NOx  exhaust  dcn.sity 


As  mentioned  above,  practical  use  of  the  multi- 
cannular  type  combustor  burning  low  BTU  gas  has  become 
possible  through  overcoming  of  its  technical  problems 
and  verification  with  the  full-scale  atmospheric  pressure 
combustion  tests  with  actual  gas. 
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Rg.7-2  Blowing-out  performance 


POSTSCRIPT 

The  combustion  technology  for  the  combu.stor  burn¬ 
ing  low  BTU  gas,  which  has  DMn  developed  and  made 
fit  to  practical  use  with  ironworks  by-prt^uct  gas,  can 
be  applied  to  the  coal  gasification  combined  ^lant.  I  to  wever, 
in  future  this  should  be  made  fit  to  practical  use  further 
by  trying  to  adopt  higher  temperature  and  give  lower 
public  nuisances. 

(1)  Higher  temperature  -*  MOOT  class  of  turbine 

inlet  gas  temperaiuic 

(2)  Lower  public  nuisances  -k  Decrease  of  fuel  NOx 
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INTRODUCTION 

The  combustor  Involved  In  the 
present  experimental  study  Is  a  model 
of  a  can  type  combustion  chamber 
typically  found  In  aircraft  gas 
turbines.  The  combustor  Is  fuelled  via 
a  liquid  kerosene  spray  and  the  flame 
Is  stabilised  by  a  recirculation  zone 
driven  by  a  swlrler  air  flow  through 
the  head  of  the  combustor  and  by 
primary  dilution  jet  flows;  the  Inlet 
air  flow  Is  preheated  with  an 
electrical  heater.  Detailed  flow 
studies  In  a  perspex  water  flow  model 
of  the  same  combustor  have  previously 
been  reported  in  ( 1  ] ,  and  for  the 
combusting  case  detailed  measurements 
are  available  (2],  over  a  range  of 
operating  conditions  burning  gaseous 
fuel  (propane) .  Further  combusting 
flow  measurements  in  closely  similar 
geometries  are  described  in  [3J,  [4] 
and  (5).  The  aim  of  the  present 
investigation  Is  to  obtain  measurements 
of  gas  composition  and  temperature  so 
as  to  allow  the  effects  of  a  change 
from  a  gaseous  fuel  to  a  liquid 
kerosene  fuel  spray  to  be  quantified. 
Mixture  species  concentrations  were 
obtained  toy  probe  sampling  and 
temperatures  were  measured  by 
thermocouple.  All  experiments  were 
conducted  at  atmospheric  pressure. 

EXPERIHE»<rAL  SET  UP 

The  combustor  together  with  its 
dimensions  is  shown  in  figure  1.  Air 
is  supplied  through  a  plenum  chamber 
surrounding  the  combustor  which  itself 
exhausts  freely  into  the  laboratory. 
The  combustor  is  fabricated  *  from  a 
laminated  porous  sheet  material  called 
Transply  which  provides  cooling  of  the 
combustor  walls.  Air  also  enters 
through  a  vaned  "aerodynamic"  swlrler 
located  concentrically  in  the 
hemispherical  head  of  the  combustor  and 
through  two  rows  of  six  dilution  holes 
equally  spaced  around  the  circumference 
of  the  combustion  chamber.  These  rows 


of  holes  are  staggered  with  respect  to 
each  other  such  that  the  angle  between 
the  axial  planes  in  which  the  holes  lie 
is  30°.  The  dimensions  of  the  swlrler 
and  dilution  holes  determine  the 
relative  air  inflow  rates  and  were 
designed  to  give  a  flow  split  and  flow 
pattern  representative  of  that  arising 
in  practical  gas  turbine  combustors. 
Measurements  made  with  pitot  and  hot 
wire  probes  in  the  cold  flow  confirmed 
the  design.  Thus  9.9%  of  the  total  air 
flow  enters  through  the  swlrler,  3.0% 
through  the  perforations  in  the  domed 
head,  13.7%  through  the  first  set  of 
holes,  here  termed  primary  holes,  15.4% 
through  the  barrel  cooling  and  58% 
through  the  second  set  of  holes  here 
called  dilution  holes.  The  airflow  was 
preheated  with  an  electrical  heater  and 
enters  the  combustor  at  a  temperature 
of  400K. 

The  pressure  jet  atomizer  which 
produces  a  hollow  cone  spray  with  an 
Included  angle  of  about  70° is  located 
in  the  centre  of  and  is  concentric  with 
the  swlrler.  The  fuel  used  was 
aviation  grade  kerosene  (JET  A-l)  and 
the  fuel  pressures  were  60  bar  and  27 
bar  for  the  two  cases  measured.  These 
pressures  resulted  in  a  fuel  flow  rate 
of  1.33  ml/m  and  0.84  ml/min  and  with 
a  constant  air  flow  rates  of  100  g/s 
resulted  in  AFRs  of  57  and  91 
respectively. 


Fig.  1  Combustor  geometry 
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MEASUREMENT  METHODS 

Temperatures  were  measured  by 
uncoated  fine  wire  (80  micron) 
thermocouples  (pt/ptl3trh)  and  the  mean 
values  shown  were  obtained  after 
averaging  over  a  4  sec  period.  The 
measurements  were  uncompensated  for 
radiation  losses  or  thermal  inertia 
effects.  For  the  higher  air  to  fuel 
ratio  case  temperature  measurements 
were  limited  to  the  dilution  zone  where 
probe  temperatures  were  sufficiently 
below  the  melting  point  of  platinum  to 
avoid  destruction  of  the  probe.  Gas 
composition  was  measured  by  analysing 
samples  taken  by  a  watercooled 
stainless  steel  probe.  For  a  detailed 
description  see  [3).  To  avoid 
condensation  of  water  and  fuel  vapours 
in  the  probe  the  probe  cooling  water 
was  kept  at  a  temperature  above  150°C 
in  accordance  with  SAE  ARP  1256A.  The 
species  measured  were  COj,  CO,  Hj,  02 
and  total  unburnt  hydrocarbon  (UHC) . 
These  were  sufficient  to  allow  the 
calculation  of  the  concentrations  of 
the  remaining  major  species,  N2  and  H2O 
by  mass  balance.  The  assumptions  made 
in  this  calculation  were  that  the  gas 
is  composed  of  the  above  seven  species 
plus  an  intermediate  hydrocarbon  (C2H2) 
only  and  that  the  carbon  to  hydrogen 
ratio  and  the  oxygen  to  nitrogen  ratio 
are  those  of  the  raw  fuel  and  air 
respectively  at  any  point  in  the 
combustor.  The  measured  and  calculated 
concentrations  allowed  the  profiles  of 
mean  mixture  fraction,  f(=  1/{AFR  +  1) 
to  be  determined  and  the  gas 
temperatures  to  be  obtained  by  enthalpy 
balance. 

RESULTS 

A  general  overview  of  conditions 
inside  the  combustor  can  be  seen  from 
figure  2  shows  contours  of  mean  mixture 
fraction  in  the  axial  plane  which 
passes  through  the  centre  of  the 
dilution  hole  and  lies  mid  way  between 
two  primary  holes.  At  the  measurement 
station  closest  to  the  fuel  injector 
(20mm)  the  mixture  fraction  reaches 
0.47  but  declines  rapidly  to  values 


below  0.15  before  the  station  where  the 
primary  jet  enters  the  combustor 
(outside  the  plane  shown) .  The  effect 
of  the  primary  jets  on  mixture  fraction 
in  the  plane  shown  can  be  seen  near  the 
centre  line  of  the  combustor  where 
mixture  fraction  values  are  greatly 
reduced  with  a  minimum  arising  between 
10mm  and  20mm  downstream  of  the  jet. 
A  fuel-air  mixture  with  a  low  fuel 
content  (the  average  composition  of 
swirler  air,  head  air  and  fuel  should 
have  a  mixture  fraction  of  O.ll)  is 
found  upstream  of  the  primary  air  jets 
on  the  centreline  which  suggests  that 
these  jets  contribute  to  a  central 
recirculation  zone.  With  much  of  the 
primary  jet  air  going  downstream  in  the 
vicinity  of  the  centreline  the  mixture 
strength  remains  fuel  rich  towards  the 
combustor  wall  and  mixture  fraction  is 
still  above  0.1  at  half  the  combustor 
length,  falling  below  to  values  of  0.05 
only  downstream  of  the  dilution  air 
jets.  For  comparison,  the  average 
mixture  fraction  based  on  the  swirler, 
head  and  primary  jet  air  flows  is  0.06; 
a  value  which  reduces  to  0.039  on 
addition  of  the  barrel  cooling  air. 
The  dilution  jet  is  clearly  visible  in 
this  plane  and  as  can  be  observed  is 
deflected  and  does  not  reach  the 
centreline.  Mixture  with  high  fuel 
content  is  forced  toward  the  centreline 
and  is  deflected  around  the  dilution 
jet  and  is  further  diluted  with  air 
originating  from  wall  cooling  and  the 
jet  itself.  The  maximum  mixture 
fraction  in  the  exit  plane  is  twice  the 
average  value  of  0.017  based  on  the 
AFR.  The  differences  between  the  two 
AFRs  measured  are  shown  in  the  radial 
profiles  of  figure  3a  to  c.  Together 
with  the  profiles  of  mixture  fraction, 
the  concentrations  of  COg,  CO  and  UHC 
are  shown  and  these  indicate  to  what 
extent  the  fuel  has  been  consumed  at 
those  stations.  The  profile  at  x  =  30 
(in  the  primary  zone)  shows  an  area  of 
high  COi,  moderate  CO  and  low  UHC 
concentrations  around  the  centreline. 
At  the  lower  AFR  the  increase  in 
mixture  fraction  brings  an  increase  in 
CO  levels  and  a  corresponding  reduction 
in  CO2  concentrations.  The 


r  ig .  £ 

Contours  of  constant  mixture  fraction  of  fuel  in  axial  plane 
270®,  AFR  57 
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concentration  of  unburnt  fuel  rises 
towards  the  combustor  wall  but  reaches 
a  maximum  at  about  two  thirds  of  the 
combustor's  radius.  The  reduction  from 
here  to  the  combustor  wall  together 
with  a  fall  in  both  CO  and  CO;  shows 
the  coexistence  in  this  turbulent  flow 
of  unconsumed  oxygen  with  fuel  and  some 
combustion  products.  The  most  obvious 
difference  between  the  higher  and  lower 
AFR  cases,  where  the  general  pattern  is 
the  same,  is  that  for  the  higher  AFR, 
the  fuel  concentration  is  more  strongly 
reduced  on  the  inner  shoulder  of  the 
maximum.  In  line  with  the  overall 
lower  levels  of  fuel  content  a  larger 
part  of  the  fuel  is  burnt.  At  stations 
further  downstream  the  similarity 
between  the  concentration  profiles  for 
the  two  AFRs  is  increased.  As  the  area 
with  mixture  fraction  above 
stoichiometric  values  becomes  larger  in 
the  lower  AFR  case  high  concentrations 
of  UHC  are  found  and  values  for  CO 
exceed  those  of  CO;.  The  highest  fuel 
concentrations  are  now  found  to  occur 
close  to  the  combustor  wall  but  at  the 
station  mid  way  between  the  primary  and 
dilution  hole  (x  =  90mm)  the  effect  of 
the  wall  cooling  air  causes  a  sharp 


drop  as  the  wall  is  approached  -  the 
closest  measurement  was  4mm  from  the 
wall.  A  more  detailed  picture  of  the 
situation  in  the  vicinity  of  the 
dilution  jets  is  shown  by  the 
temperature  measurements  plotted  in 
figure  4a,  b  and  figure  5.  The 
temperature  contours  plotted  in  axial 
planes  in  line  with  the  dilution  hole 
centre  and  half  way  between  dilution 
holes  explain  why  the  highest 
temperatures  are  found  behind  the 
dilution  jets  in  the  cross  section  in 
the  exit  plane.  The  in  line  plane 
shows  the  hot  gases  to  be  displaced 
towards  the  centreline,  and  that  their 
temperature  is  reduced  by  mixing  with 
colder  gas  which  flows  down  the 
centreline  region.  The  plane  between 
jets  (which  of  course  has  the 
centreline  in  common  with  the  other 
plane)  shows  the  same  displacement  but 
in  addition  a  displacement  towards  the 
wall  caused  by  the  spreading  of  the 
cold  jet  air  into  this  plane.  It  is 
this  gas  which  fills  the  lee  of  the  jet 
indicated  in  figure  4a  and  can  be  seen 
enveloped  by  the  horseshoe  shaped  wake 
of  the  dilution  jet  in  the  exit  plane 
cross  section.  (fig  5). 


Fig.  3  Radial  profiles  of  measured  composition  in  270°  plane 
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CONCUJSIONS 
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Though  for  reasons  of  space  not 
shown  here,  the  presently  measured 
distribution  of  fuel  in  the  combustor 
are  closely  similar  to  those  measured 
with  gaseous  propane  as  fuel  [ 2 ] .  At 
radial  positions  outside  the  primary 
combustion  zone  and  upstream  of  the 
first  row  of  jets  there  is  close 
agreement  in  the  measured  values  for 
mixture  fraction  for  both  propane  and 
kerosene  fuels.  This  would  indicate, 
perhaps  somewhat  surprisingly,  that  the 
liquid  fuel  with  its  ability  to 
penetrate  the  air  stream  does  not  in 
fact  spread  in  a  significantly 
different  way  from  the  gaseous  fuel. 
If  this  is  the  case  then  some 
conclusions  can  be  drawn  about  the  flow 
pattern  occurring  inside  the  combustor. 
This  suggests  that  a  central 
recirculation  exists  which  is  partly 
fed  by  the  impingement  of  the  primary 
jets  and  there  are  no  Indications  of 
a  'corner'  recirculation  zone  in  the 
head  of  the  combustor  outside  the  air 
stream  from  the  swirler.  In  the 
downstream  region  the  flow  pattern  is 
indicated  more  clearly  by  the  dilution 
jets  where  reaction  plays  only  a  minor 
role.  Here  too  the  jet  trajectory 
follows  the  pattern  intended  in  the 
design  of  the  combustor  and  is 
successful  in  reducing  the  temperatures 
and  fuel  content  of  the  exhaust  gases 
so  that  by  the  exit  plane  reasonably 
uniform  profiles  result. 


Fig.  4a  Isothermal  contours  (K) 
around  dilution  jet  axial  plane  270®, 
AFR  91 
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Fig.  5  Isothermal  contours  (K)  in  a 
sector  of  exit  plane,  AFR  91 


Fig.  4b  Isothermal  contours  (K) 
around  dilution  jet  axial  plane  240®, 
AFR  91 
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1.  Introduction 


The  advent  of  more  powerful  digital 
computers  has  provided  the  means  whereby 
mathematical  modeling  can  be  applied  to 
gas  turbine  combustor  problems  to 
facilitate  greatly  the  arduous  initial 
stages  of  combustor  design  and  to  reduce 
the  time  and  cost  associated  with 
experimental  work. 

In  this  study  a  comprehensive 
mathematical  model  of  three-dimensional 
fluid  mechanics  and  two-phase  turbulent 
combustion  processes  is  approached  in 
order  to  give  combustor  engineers 
efficient  tools  of  analysis. 

2.  Gas  phase  model 

Steady  fully  elliptic  time-averaged 
equations  describing  gas  phase,  under 
low  Mach  number  approximation,  coupled 
to  the  energy  and  momentum  balance 
equations  for  the  liquid  phase,  are 
considered  in  cylindrical  coordinates 
( 1 1 .  The  k-c  model  provides  for 
turbulence  closure.  Conservation 
equations  solved  for  the  gas  phase  are 
those  for  u.v.w  momentum,  mass, 
stagnation  enthalpy  (h),  turbulent 
kinetic  energy  (k)  and  its  rate  of 
dissipation  (c),  mixture  fraction  (f). 
The  general  form  of  these  conservation 
equations  is: 


1  |a_  (rpu4)  ♦  3_  (rpv*)  +  ^  (pw*)|  = 
r  lax  9r  38  J 


i  fi- 

r  I  3x 


♦ 


S*  +  Sd  (1) 

where  b  Is  any  one  of  the  general  flow 
variables,  is  the  effective  diffusion 
coefficient  for  t  and  Sd  and  Sa  are  the 
sources  for  4  from  liquid  droplets  and 
gas  phase,  respectively. 

The  definition  of  stagnation  enthalpy 
is: 


which  is  used  to  calculate  temperature 
T.  In  this  equation  mfu  is  the  unburned 
fuel  mass  fraction,  H  is  its  heat  of 
combustion  and  Cp  is  the  specific  heat 
of  the  mixture  at  constant  pressure. 

The  chemical  reaction  is  described  by 
the  "fast  chemistry"  model.  This  implies 
the  reaction  will  go  to  completion 
instantaneously  once  the  mixing  of  fuel 
and  oxidant  has  been  achieved  on  a 
molecular  level.  In  this  idealized  case 
the  conservation  equations  for  chemical 
species,  assuming  a  single  exotermic 
chemical  reaction,  are: 

0<f<fgt  mfu=0i  Wox- fl"_l_1’'’ox,air  (3) 

I 

l>f>fst  mF„=ff-fst~|  ;  mox=0  (4) 

iT^stJ 


tl  +  s(mEu/mox),airl 

where  3  stands  for  oxygen/fuel  mass 
stoichiometric  ratio,  mju  and  mpu  are 
the  fuel  and  oxygen  mass  fraction 
respectively  and  st  stands  for 
stoichiometric  value.  The  mixture 
fraction  fluctuations  are  neglected.  It 
is,  however,  economic  of  computer 
storage  and  time  and,  in  view  of  the 
additional  uncertainties  imposed  by  the 
droplet  model,  probably  of  acceptable 
precision.  The  density  is  calculated 
from  the  equation  of  state: 

p  =  P/BTt j(mj/Hj)  (6) 

where  Mj  is  the  molecular  weight  of 
species  j  and  R  is  the  universal  gas 
constant . 

The  effects  of  radiative  heat  transfer 
are  described  by  reference  to  the 
six-flux  model,  based  on  the  solution  of 
a  set  of  six  ordinary  differential 
equations,  which  provides  the  energy 
source  term  for  the  gas  phase  (11. 

3.  Droplet  model 


h  =  Cp-T  +  mfu-H  +  i(u’  +  V*  +  w*)  (2) 


The  liquid-phase  equations  ate 
based  on  the  Lagrangian  formulation  of 
the  droplet  trajectory,  transient 
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heating  and  vaporization.  The  entire 
fuel  spray  is_ constructed  using  a  finite 
number  of  size  ranges  obeying  a  two 
parameter  droplet  size  distribution, 
which  Is  assumed  to  be  of  Rosln-Rammler 
type.  The  equations  of  motion  for  each 
of  the  droplets,  representing  the  size 
groups  which  constitute  the  spray,  are 
written  neglecting  all  external  effects 
except  the  drag  force  {21.  The 
description  of  droplet  heating  and 
evaporation  is  added  to  the 
computational  model  using  two  equations 
which  are  solved  separately,  assuming 
that  during  the  first  phase  the  droplet 
is  heated  to  an  equilibrium  temperature, 
followed  by  the  second  phase  in  which 
the  evaporation  process  causes  a 
decrease  in  diameter.  These  equations 
may  be  expressed  as 

^  -  fCb'l  (l+0.23Reh  (7) 
3t  1.2DJ 

and 

^  =  6A(2<-Re^-Pr^/3)(T  -  ThI  (8) 

at  ^iFCpL 

where  is  the  vaporization  rate 
constant  whose  value  depends  on  the 
physical  properties  of  the  surrounding 
medium  as  well  as  of  the  fuel  itself; 

He  is  the  relative  Reynolds  number,  D  is 
the  droplet  diameter,  is  the  liquid 
density,  x  and  Cp  are  the  thermal 
conductivity  and  the  specific  heat  at 
constant  pressure  of  the  surrounding 
gas,  L  is  the  latent  heat  of 
vaporization  and  T  and  T^  are  the  gas 
and  droplet  temperatures  respectively. 
Withthls  liquid  phase  model  is  possible 
to  simulate  also  gas  fuels  by  choosing  a 
very  low  boiling  point  in  order  to 
obtain  a  flash  evaporation. 

4.  Numerical  features 

The  partial  differential  equations 
described  earlier  have  been  transformed 
into  difference  equations  by  integrating 
over  each  control  volume  and  solved 
numerically  employing  a  semi-implicit 
iterative  scheme  (SIMPLE  (3J).  All 
dependent  variables  are  calculated  at 
mesh  grid  points  centered  at  an 
elementary  volume  except  velocity 
components,  which  are  evaluated  at  the 
control  volume  faces.  Wall  functions 
have  been  used  to  avoid  detailed 
calculations  in  the  near-wall  regions. 
Simulation  of  contoured  flowpath 
boundaries  was  accomplished  by  the  so 
called  "stairstep"  boundary  treatment 
into  the  model.  The  grid  used  in 
calculations  possessed  47x27x27  nodes  in 
the  x,r  and  e  directions  respectively. 

The  gas-spray  interaction  terms  are 
supplied  from  the  set  of  simultaneous 
ordinary  differential  equations 
integrated  numerically  by  the  fourth 
order  Runge-Kutta  method  at  suitable 
intervals  within  the  iterative  solution 
procedure. 


5.  Model  validation  and  results 

The  previous  model  was  applied  to 
perform  a  calculation  of  the  internal 
reactive  flo.<fleld  of  the  GEM-60  reverse 
flow  combustion  chamber  for  which 
experimental  results  are  available 
{4,5J.  The  geometry  of  combustor  and  the 
operative  conditions  are  given  in  [4]. 
The  mesh  used  in  the  calculation  is 
shown  in  Fig.  1.  The  convergence  history 
of  the  residuals  is  given  in  Fig.  2. 
After  1000  iterations  the  maximum 
residual  is  of  the  order  l.E-05  and 
pressure  difference  in  the  chamber  is 
stabilized,  thus  showing  that  the 
solution  is  reasonably  converged  at  this 
point.  In  Fig.  3  gas  temperatures 
patterns  are  presented  as  to  Z==14  mm, 
Z=28  mm  and  Z=42  mm  sections 
respectively.  The  velocity  field  for  the 
same  sections  is  shown  in  Fig.  4.  A 
strong  recirculation  vortex  can  be 
observed  in  the  primary  zone.  Gas 
temperatures  patterns  at  the  combustor 
discharge  plane  are  presented  in  Fig.  5 
in  a  plane  near  the  lower  wall  (a),  in  a 
medium  plane  (b)  and  in  a  plane  near  the 
upper  wall  (c)  respectively.  The 
calculated  temperature  profile  is  in 
good  agreement  with  experiment  as  to 
planes  (a)  and  (b).  In  plane  (c) 
temperature  is  underestimated  even  if 
the  trend  is  correct. 

6.  Conclusions 

A  two-phase  turbulent  reactive  flow 
model  for  a  gas  turbine  combustor  has 
been  numerically  solved.  The  computed 
results  reproduce  the  main  features  of 
the  reactive  flow  and  show  q  od 
agreement  with  experimental  data,  in 
view  of  the  many  interdepent  processes 
involved. 
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A  computational  fluid  dynamics 
(CFD)  model  with  finite  rate  and 
equilibrium  chemistry  reactions,  has 
been  developed  to  study  the  steady-state 
and  start  transient  of  the  Space  Shuttle 
Main  Engine  (SSME)  Fuel  Preburner  (FPB) 
combustor  operations.  The  numerical 
model  is  a  time  accurate,  pressure  based 
CFD  code.  An  upwind  scheme  is  employed 
for  spatial  discretization.  The  upwind 
scheme  is  based  on  second  and  fourth 
order  central  differencing  with  adaptive 
artificial  dissipation.  A  two-equation 
turbulence  model  is  employed  for  the 
turbulence  calculation.  A  Pade* 
Rational  Solution  (PARASOL)  was 
developed  for  finite  rate  chemistry 
calculation,  and  a  CHMQGM  algorithm  was 
used  for  equilibrium  chemistry 
calculation. 

The  Fuel  preburner  combustor  of  the 
SSME,  as  shown  schematically  on  the 
upper  left  corner  in  Fig.  1,  consists  of 
three  major  parts:  the  augmented  spark 
igniter  (ASI),  injectors,  and  the 
combustion  chamber.  The  fuel  preburner 
itself  is  structurally  supported  by  the 
hot  gas  manifold  to  which  it  is  welded 
and  is  a  fuel  cooled,  double-walled 
chamber,  in  which  hot  gas  (hydrogen-rich 
steam)  is  generated  to  power  the  high 
pressure  turbopump.  The  ASI  initiates 
the  combustion  of  gaseous  hydrogen  fuel 
and  liquid  oxygen  near  the  Injector 
elements  on  the  faceplate.  The 
preburned  fuel  then  flows  over  a 
circular  dome  of  the  high-pressure 
turbopump  and  into  a  turbine  inlet  flow 
passage  where  It  drives  the  turbines  of 
the  turbopump.  The  combustor  wall  is 
film  cooled. 

Numerous  flow  anomalies  have  been 
found  in  both  the  SSME  fuel  and  oxidizer 
preburners  and  turbine  hot  end  parts. 
Cracks  have  been  found  on  housings. 
Kaiser-hat  nuts  (located  at  the  top  of 
the  turbopump  dome) ,  struts,  sheetmetal, 
nozzles,  and  shrouds.  After  many 
studies  and  modifications  to  the 
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preburner  components,  several  problems 
remain  with  the  SSME  preburner 
operation,  such  as  cracking  of  the  first 
and  second  stage  blade  shanks,  of  the 
blade  root  fillets  and  under  the  blade 
platform.  The  damage  is  more  severe  on 
the  fuel  side  since  it  operates  at  a 
higher  temperature.  It  is  postulated 
that  the  extreme  thermal  environment 
during  the  start  up  transient  produces 
the  initial  blade  cracks;  the  severity 
of  the  cracks  will  depend  on  the 
specific  transient  operations  the  engine 
experiences.  The  cracks  can  continue  to 
grow  due  to  both  high  cycle  fatigue  and 
low  cycle  fatigue  as  the  number  of 
turbine  load  cycles  accumulate.  Other 
flow  anomaly  theories  such  as 
inefficient  atomization  and  possible 
unmixedness  of  the  gaseous  oxygen  during 
steady  state  operation  are  considered  to 
be  of  secondary  importance  in  creating 
locally  excessive  heating  problems. 

Computational  analyses  of  steady- 
state  axisymmetric  and  three-dimensional 
fuel  preburner  combustor  flowfields  were 
performed.  The  effect  of  baffle  and 
wall  film  coolant  flows  was  considered. 
Fig.  2  shows  a  cutaway  view  of  the 
three-dimensional  computational  grid. 
The  baffles  can  be  seen  at  the  inlet 
injector  faceplate  and  at  the  upper 
portion  of  the  two  straiqht-cuts  of  the 
combustor.  The  hemispherical  turbopump 
dome  is  exposed  at  the  lower  portion  of 
the  combustor.  Radial  and 

circumferential  temperature 
distributions  near  the  combustor  exit 
were  compared  with  those  of  the 
experimental  data.  These  analyses 
indicated  that  under  steady  operating 
conditions,  striated  flows  go  through 
the  preburner  chamber  between  the 
parallel  shear  layers.  Results  from 
such  analyses  show  that  strlations 
severe  enough  to  cause  local  streamlines 
to  be  at  near  stoichiometric  mixture 
ratios  should  not  be  present  at  the 
inlet  to  the  turbopump  under  steady- 
state  operations.  Temperature 

measurements  at  the  turbine  inlet  show 
that  two  temperature  spikes  exist  under 
start-up.  Estimates  of  thermocouple 


response  suggest  that  the  actual  which  could  cause  chealcal  attack  on  the 

temperatures  are  sufficiently  high  to  metal  surface.  A  comparison  of  the 

create  blade  cracking.  A  transient  calculated  combustor  temperature  history 
fuel  preburner  thermal  flowfield  for  the  first  one  second  operation  at 

computational  analysis  was  performed  so  the  combustor  exit  and  the  measured 

as  to  understand  the  combustor  ignition  turbine  inlet  temperature  is  shown  in 

transient  and  to  make  recommendations  Fig.  3.  The  timing  and  magnitude  of  the 

for  improving  the  component  life  of  the  calculated  temperature  spikes  agreed 

SSHE  engine.  well  in  general  with  those  of  the 

measurements.  The  swirling  motion  of 
A  pressure  based  solution  method  the  igniter  torch  created  a  center 

was  selected  so  that  a  wide  range  of  recirculation  zone  to  serve  as  a  flame 

flow  speeds  could  be  analyzed.  For  time  holder.  The  bulk  of  the  propellants  was 

accuracy,  a  time-centered,  time-marching  Ignited  after  the  Igniter  torch  has 

scheme  with  a  multiple  pressure  reached  the  turbopump  dome.  The 

corrector  algorithm  was  employed.  temperature  spikes  were  caused  by  the 

Finite  rate  chemistry  calculations  were  mismatch  of  the  fuel  and  oxidizer  flow 

performed  to  capture  the  time  dependent  rates.  The  propellants  flow  rates  were 

flame  propagation  phenomena  inside  the  controlled  by  the  engine  valve 

combustor  during  transient  start-up  sequencing, 

process.  The  finite  rate  source  terms 

were  evaluated  with  a  point  implicit  The  significance  of  this  study  is 

procedure  before  the  species  equations  that  a  time  accurate  CFD  design  tool  has 

were  solved.  At  the  start  command,  the  been  developed  to  accurately  predict  the 

fuel  preburner  is  filled  with  severe  thermal  gradients  which  are 

atmospheric  nitrogen  purge  gas.  After  Impressed  upon  the  SSHE  fuel  preburner 

the  start  command,  the  fuel  and  oxidizer  and  turbine  stages  during  the  start 

flow  out  the  AS!  and  the  Injector  transient.  Previously,  various 

elements  on  the  faceplate,  to  prime  the  scenarios  were  proposed  to  explain  the 

chamber  and  the  turbine.  The  transient  causes  of  the  SSHE  fuel  preburner  flow 

upstream  boundary  conditions  Included  anomalies,  without  proper  verifications, 

the  ASI  and  Injector  fuel  and  oxidizer  These  scenarios  included  the  local 

flow  rates,  temperatures  and  pressures.  accumulation  of  unreacted  propellants. 

They  were  obtained  from,  an  engine  system  the  mismatch  of  the  fuel  and  oxidizer 

model.  supply  rates,  and  a  combustible  mixture 

maldistribution  prior  to  and  during 
The  results  of  the  CFD  calculation  ignition.  These  factors  can  now  be 

have  shown  temperature  spikes  near  the  studied  with  the  numerical  analysis, 

top  of  the  turbopump  dome  and  the  Furthermore,  the  reduction  of  thermal 

combustor  exit.  In  addition,  an  loads  can  also  be  studied  by  numerically 

appreciable  amount  of  oxidizer  was  left  varying  the  ignition  and  shut-down 

unburned  to  enter  the  turbine  stages,  characteristics. 


Fig.  1  Space  Shuttle  Main  Engine  power  head  component  arrangement. 
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Fig.  2  A  cutaway  view  of  the  three-dimensional  computational  grid 
for  the  SSME  fuel  preburner  combustor. 


o 


TIME  FROM  START  COMMAND  (SEC) 

Fig.  3  Comparison  of  temperature  histories  at  computed  fuel 
preburner  exit  and  measured  turbine  inlet. 
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VELOCITY  MEASUREMENTS  OF  NON-REACTING  AND  REACTING  FLOWS 
IN  A  RESEARCH  COMBUSTOR 


T.  H.  Chen,  M.  E.  Post,  L.  P.  Goss,  D.  D.  Trump,  B.  Sarka,  and  L.  Brainard 
Systems  Research  Laboratories,  Inc.,  A  Division  of  Arvin/Calspan 
2800  Indian  Ripple  Road,  Dayton,  OH  45440-3696  USA 

W.  M.  Roqueinore 

Wright  Laboratory,  Aero  Propulsion  and  Power  Directorate 
Wright-Patterson  Air  Force  Base,  OH  45433-6563  USA 


The  flowfields  of  a  research  combustor 
were  characterized  using  two-component 
Laser  Doppler  Velocimetry  (LDV).  This  com¬ 
bustor  was  adapted  by  the  Wright  Labora¬ 
tory/Aero  Propulsion  and  Power  Directorate 
and  research  contractors  for  the  establish¬ 
ment  of  a  data  base  to  be  acquired  using 
on-site-developed  techniques  such  as  LDV, 
Coherent  Anti-Stokes  Raman  Spectroscopy 
(CARS),  Thin-Filament  Pyromelry  (TFP),  and 
Planar  Laser-Induced  Fluorescence  (PLIF). 
The  flow  properties  to  be  measured  include 
velocity,  temperature,  and  species  concen¬ 
tration.  This  data  base  will  be  utilized  for 
evaluation  of  combustor  modeling  and  to 
provide  fundamental  understanding  of  the 
combustion  process  which  occurs  inside  a 
combustor.  The  point  velocity  information 
presented  here  can  be  combined  with  mea¬ 
sured  scalar  quantities  for  joint  examination 
of  acrothcrmodynamics  in  combustors. 

The  research  combustor  was  designed 
1 1 1  to  simulate  the  main  features  of  an  engine 
combustor,  such  as  the  recirculating-flow 
patterns  and  lean-blowout  (LBO)  processes, 
and  also  to  provide  good  optical  access.  A 
schematic  diagram  of  the  combustor  is  shown 
in  Fig.  I.  The  flowfield  inside  this  combustor 
consists  of  coaxial  jets  with  sudden  expansion 
(rear-facing  step);  this  flowfield  has  been 
studied  to  some  extent  [2-4|.  Minor  modifi¬ 
cations  in  geometry  were  made  to  convert 
the  axisymmelric,  cylindrical  configuration 
to  a  semi-square  combustor  section.  The 
resulting  flat  window  facilitates  the  compli¬ 
cated  optical-beam  pass  needed  for  joint 
velocity  and  scalar  measurements.  For  the 
combustion  experiments,  gaseous  fuel  was 
issued  from  the  inner  tube  and  the  coflowing 
air  through  the  annulus.  Fuel  and  air  were 
not  premixed  before  entering  the  combustor. 
The  mixture  resulting  from  the  shear-layer 
mixing  was  recirculated  back  along  the 
combustor  wall  into  the  recirculation  zone 


established  by  the  rear-facing  step,  which 
serves  to  stabilize  combustion.  Under  the 
fuel-rich  condition,  the  flame  base  became 
attached  to  the  jet  exit.  With  reduction  of 
the  fuel  flowrate,  the  flame  was  lifted  and 
stabilized  by  the  recirculation  zone.  Even¬ 
tually.  after  a  sufficient  decrease  in  the  fuel 
flowrate,  LBO  occurred.  For  this  combustor, 
LBO  occurs  at  a  fuel-equivalence  ratio,  ♦,  of 
0.5  which  is  very  near  the  lean-flammability 
limit  (♦  =  0.51)  of  the  propane  fuel  and  air 
(5).  This  value  of  ^  at  LBO  was  essentially 
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Fig.  1.  Schematic  diagram  of  confined  coaxial 
jet  combustor  with  sudden  expansion. 


VI -96 


unchanged  over  a  wide  range  of  air  flow- 
rates. 

Under  liftoff  conditions  the  motion  of 
the  flame  base  was  highly  intermittent  with 
changing  liftoff  height  and  radial  flame  posi¬ 
tion-behavior  which  is  similar  to  that  found 
in  previous  studies  of  lifted  jet  flames  (6|. 
Under  attached  conditions  the  flame  base 
was  affected  by  the  recirculating  flowfield 
and  displayed  intermittent  hole  formation  on 
the  flame  surface.  As  a  result  of  the  acoustic 
coupling  of  the  combustor  geometry  and  the 
variation  of  the  heat  release  due  to  intermit¬ 
tent  flame  fluctuation,  modeling  of  the 
combustion  process  inside  the  combus¬ 
tor  remains  a  difficult  task.  A  fundamental 
understanding  of  the  dynamic  flame/flow 
interaction  inside  the  combustor  will  signifi¬ 
cantly  aid  the  modeling  process.  Such  fun¬ 
damental  knowledge  is  related  to  statistical 
flame  characteristics  such  as  the  velocity  and 
length  scales  associated  with  the  flame  sur¬ 
face  fluctuation  which  can  be  measured  by 
the  TFP  technique  |61.  For  better  utilization 
of  scalar  information,  velocity  data  are 
needed  for  comparison  in  the  interpretation, 
as  was  demonstrated  in  a  recent  study  (7|. 

In  this  initial  phase,  velocity  measure¬ 
ments  were  performed  under  one  non¬ 
reacting  and  three  reacting  flow  conditions. 
For  the  reacting  flow  conditions,  the  air 
flowrate  was  fixed  at  1000  Ipm,  with  the 
propane  fuel  flowrates  being  23,  41,  and  63 
Ipm,  corresponding  to  ♦values  of  0.55,  1.05, 
and  1.56,  respectively.  These  conditions  cor¬ 
respond  to  near  LBO,  lifted  flame,  and 
attached  flame,  respectively.  For  the  non- 
reacting  flow  case,  the  air  flowrate  was  1000 
Ipm,  with  the  CO2  in  the  fuel  tube  being  23 
Ipm.  These  flow  conditions  were  selected  to 
I)  characterize  the  detailed  recirculating  flow 
patterns,  2)  highlight  the  interaction  between 
the  flame  and  the  recirculating  flow  patterns, 
and  3)  provide  a  data  base  which  would 
allow  evaluation  of  computational  modeling. 
The  Reynolds  number  based  upon  the 
annulus-air-flow  condition  is  ~  2.3  x  I05.  In 
this  flow  regime,  the  established  flame  zone 
near  the  jet  exit  has  been  found,  by  examin¬ 
ing  planar  OH-imaging,  to  be  shaped  by  the 
coherent  structures  |5|.  These  dynamic  fea¬ 
tures  of  the  flame  propagativrn  inside  the 
combustor  can  be  studied  in  detail  by  diag¬ 
nostics  such  as  TFP  which  has  been  utilized 
for  the  study  of  lifted-flame  fluctuations  (61. 

The  velocity  measurements  were  per¬ 
formed  using  an  LDV  system--a  two- 
component  real-fringe  system  bas^d  upon 
polarization  separation  of  the  velocity  com¬ 
ponents.  The  514.5-nm  line  from  a  Spectra- 
Physics  argon-ion  laser  was  used  as  the  light 
source,  with  0.5-mm-diam.  alumina  (AI2O3) 


particles  serving  as  the  scattering  medium. 
Two  seeders  were  used  for  the  fuel  flow  an.i 
the  air  flow  to  provide  uniform,  equal  seed¬ 
ing  density  for  prevention  of  sampling 
errors.  The  Doppler  burst  was  collected  in 
the  forward  direction  slightly  off-axis  (~  20 
deg.).  Dual  Bragg  cells  having  a  5-MMz  fre¬ 
quency  difference  were  employed  to  remove 
directional  ambiguities  and  maintain  the 
Doppler-burst  frequencies  in  an  optimum 
range  for  the  velocity  under  study.  The  data 
sampling  rate  was  in  the  range  50  -  1000  llz 
for  the  two-component  measurement. 

The  sending  and  receiving  optics  of  the 
LDV  were  mounted  on  separate  optical 
tables.  The  burner  was  mounted  on  a  three- 
axis  traversing  mechanism  located  between 
these  tables.  For  the  ax  .1-  and  tangential- 
component  measurement,  the  burner  was 
scanned  along  the  LDV  beam  axis.  For  the 
axial-  and  radial-component  measurement, 
the  burner  was  scanned  perpendicular  to  the 
LDV  beam  axis.  Both  types  of  scans 
intercepted  the  centerline  of  the  combustor. 
For  each  scan,  ~  50  locations  were  chosen, 
and  2,000  to  3,000  velocity  data  points  were 
measured  at  each  location. 

Statistical  analysis  of  the  measured 
velocity  data  yields  the  mean,  root-mean- 
square  (rms)  fluctuation,  Reynolds  stresses, 
and  higher  order  moments.  In  this  paper, 
the  results  of  velocity  statistics  are  presented 
in  the  form  of  vector  and  contour  maps  to 
facilitate  two-dimensional  visualization  of 
the  flow  patterns.  Examples  of  such  maps 
are  shown  in  Figs.  2  -  3.  Figure  2  displays 
the  measured  mean  velocity  vector  for  one  of 
the  combustion  cases  tested  and  clearly 
shows  the  recirculation  pattern  near  the  exit 
of  the  fuel  jet.  The  contour  lines  of  the  mean 
axial  velocity  are  shown  in  Fig.  3.  The  large 
area  with  negative  axial  velocity  was  formed 
at  the  combustor  wall  near  the  sudden- 
expansion  step.  The  area  near  the  contour 
line  of  zero  axial  velocity  could  be  the 
preferred  location  for  stabilization  of  the 
flame  base.  This  will  be  confirmed  later 
through  TFP  temperature  measurements. 

The  mean  velocity  can  also  be  applied 
in  computing  the  stream  function  which 
determines  the  recirculation  volumc--an 
important  parameter  in  flame-stabilization 
mechanisms.  Considering  that  the  flow  is 
reasonably  axisymmetric,  the  stream  func¬ 
tion  representing  the  volume  flowrate  can  be 
defined  as 


where  u  is  the  axial  velocity  and  Ro  the 
radius  of  the  combustor.  The  stream-line 
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Fig.  2.  Measured  mean  velocity  vector 
for  reacting  flow  with  air  at 
1000  Ipm  and  C3Hg  at  41  Ipm. 
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Fig.  3.  Contour  lines  of  mean  axial 
velocity  for  reacting  flow 
with  air  at  1000  Ipm  and 
CsHg  at  41  1pm. 


values  computed  from  the  measured  velocity 
can  then  be  shown,  for  example,  as  in  Fig.  4. 
The  area  enclosed  by  the  line  of  v  =  I  is  the 
recirculation  zone.  Inside  this  zone  more 
than  22%  of  the  total  volume  flow  was 
“trapped;"  this  value  can  be  used  to  assess 
the  performance  of  the  rear-facing  step  in 
inducing  recirculation.  A  similar  property, 
which  is  defined  as  the  recirculation  effi¬ 
ciency,  for  the  center-body-stabilized  pre¬ 
mixed  flame  near  LBO  was  measured  to  be 
33%  by  Chen,  el  al.  (8|;  its  importance  was 
later  emphasized  by  Chen,  et  al.  (9],  in 
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Fig.  4.  Stream  lines  for  reacting  flow  with  air 
at  1000  Ipm  and  CsHgat  41  Ipm. 


correlating  the  flame-blowout  behavior  and 
the  recirculation  strength.  The  values  corre¬ 
sponding  to  LBO  and  other  flow  conditions 
have  been  measured  and  will  be  compared. 

This  work  was  supported  by  and 
performed  at  the  Wright  Laboratory/Aero 
Propulsion  and  Power  Directorate  under 
Contract  No.  F33615-90-C-2033.  The  edito¬ 
rial  assistance  of  M.  Whitaker  is  appreciated. 
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The  amplitude  and  frequency  characteristics  of  the 
sound  emitted  by  highly  turbulent  flames  stabilized  in  a 
confined  swirl  combustor  are  analysed  and  discussed 
together  with  the  time-resolved  variation  of  the  heat  release 
rate.  The  work  involves  the  analysis  of  the  on-set  of 
combustion  induced  oscillations  through  the  identiHcation 
of  the  phase  relationship  between  the  unsteady  emi.ssion  of 
C2  radicals  in  the  primary  zone  of  the  combustor  and  the 
distribution  of  pressure  fluctuations  along  the  combustor, 
and  is  relevant  to  the  analysis  of  noise  generation  in  pratical 
combustors. 

The  existence  of  combustion-driven  oscillations  at 
discrete  frequencies  has  been  observed  in  turbulent 
combusting  flows  with  emphasis  on  ducted  premixed 
systems,  e.g.  (I-5|.  The  motivations  for  the  investigations 
include  the  improvement  of  ramjet  and  augmentor 
combustors  and  all  have  been  concerned  with  simplifted 
arrangements.  The  results  have  shown  that  for  most  of  the 
cases  the  oscillations  are  acoustically-driven  and  occur  for 
a  wide  range  of  equivalence  ratios  located  within  the 
rianimabiliiy  limits,  e.g.,  {6J.  The  nature  of  the  acoustic 
frequency  has  been  readily  identified  and,  with  an 
unconstricted  duct  exit,  usually  corresponds  to  a  quarter- 
wave  with  a  pressure  node  close  to  the  flame  stabilizer  in 
disc-stabilized  flames  and  an  anti-node  in  dump 
combustors.  Comparatively  small  attention  has  been  paid 
to  the  understanding  of  oscillations  in  non-premixed 
systems  and  most  of  the  works  published  in  the  literature 
have  been  devoted  to  the  analysis  of  the  influence  of  the 
acoustics  of  the  air  supply  system  on  the  excitation  of 
combustion-induced  vibrations  in  industrial  boilers,  e.g. 
|7,  81.  This  paper  is  concerned  with  the  low-frequency 
oscillations  which  are  known  to  occur  in  non-premixed 
flames  confined  in  swirling  combustors,  such  as  those 
typical  of  many  engineering  systems,  including  gas 
turbines  and  furnaces. 

The  experiments  were  performed  in  the  model 
combustor  .shown  in  Figure  I  a),  which  allows  the 
repre.seniation  of  the  important  features  of  the  primary  zone 
of  practical  combustors.  It  consists  of  an  186  mm  I.D. 
cylindrical  stainless  steel  tube,  which  was  as.sembled  in 
most  of  the  experiments  reported  here  with  a  length  of 
0..^()  mm.  The  combustion  air  is  provided  through  an 
annular  pipe,  55  mm  in  diameter,  which  can  be  fed 
scparaily  through  an  axial  entry  to  provide  a  non-swirling 
air  flow  (i.e.,  M„),  or  through  a  swirl  chamber  which 
generates  a  circunferential  flow  by  the  injection  of  air 
through  tangential  slots  (i.e.,  Mro,).  The  swirling  level  is, 
therefore,  variable  and  set  by  adequate  control  of  the  two 
air  inlea.  A  diverging  section  is  assembled  at  the  end  of  the 
air  duct,  downstream  of  the  confined  tube,  to  allow  the 
formation  of  a  primary  zone  typical  of  practical 
combustors.  It  is  surround^  by  sixteen  poipheral  air  jets, 
10  mm  in  diameter,  inclined  at  4*  towards  the  combustor 
•nxis.  Propane  gas  is  injected  through  the  central  injection 
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Figure  I .  Schematic  diagram  of  flow  configuration 

a)  burner  arrangement 

b)  geometry  of  primary  zone 

c)  fuel  injector 


device  shown  in  figure  I  c),  which  was  assembled 
upstream  the  divergent  quart,  as  shown  in  figure  1  b). 
Optical  access  to  the  flow  within  the  confined  duct  was 
provided  by  quartz  windows,  30  mm  large,  located  on  the 
confined  duct  along  the  horizontal  plane  of  symmetiy. 

The  experiments  presented  here  were  obtained  at 
atmospheric  pressure  for  an  equivalence  ratio  (based  on  the 
total  primary  air)  in  the  range  =  0.33  to  4.0,  representing 
a  total  energy  dissipation  up  to  200  KW. 

The  sound  intensity  was  measured  by  freefield 
condenser  microphones  with  frequency  responses  which 
were  flat  up  to  at  least  20  kHz.  The  sound  radiated  by  the 
flow  was  measured  with  the  microphone  located 
approximately  1 .5  m  from  the  confining  pipe,  at  90"  to  its 
axis,  although  the  results  were  found  to  be  insensitive  to 
the  location.  The  local  pressure  fluctuations  at  the  pipe  wall 
were  measured  by  connecting  piirpase-built  probe  lubc.s  to 
the  condenser  microphones:  tne  frequency  respon.se  of  the 
combination  remained  appropriate  to  the  range  of 
frequencies  under  consideration.  The  spectral  content  of 
the  sound  was  determined  by  both  an  analog  (constant 
percentage  bandwidth)  frequency  analyzer  and  also  hy  a 
fast  Fourier  transform  algorithm  operating  on  digitally 
sampled  records  of  the  sound. 

Detailed  mean  temperature  measurements  were 
obtained  with  thermoucouples  fabricated  from  0.080  mm 
diameter  platinum,  13%  ibodium-platinum  wire.  The  wires 
were  supported  on  0.500  mm  diameter  wires  of  the  same 
material  cemented  with  alumina  (2.5  mm  O.D.  lube), 
which  in  turn  was  placed  in  a  stainless  steel  tube  of  4  mm 
O.D..  A  long  "L"-shaped  probe  was  fabricated  and 
introduced  into  the  flame  far  downstream  of  the  burner 
head  in  a  way  that  minimized  disturbing  effects. 
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Figure  2.  Wavelength  scanning  of  light  emitted  by  a 
typical  flame  (non-luminous)  for  0  =  0.93  and 
=  0.526. 


Figurc'4.  Predominant  frequency  of  the  sound  emitted  by 
the  flames  and  associated  energy  of  oscillations 
as  a  function  of  the  equivalence  ratio. 


The  rate  of  change  of  the  heat  release  rate  was 
monitored  through  the  detection  of  the  time-resolved 
emission  of  free  radicals  existing  in  the  reaction  zone,  such 
as  CH  or  Cj,  |41.  Spectral  radiation  intensities  were 
measured  through  the  flame  using  a  1200  lines/mm  grating 
monochromator  (WDG  30)  equipped  with  a 
photomultiplier  (EMI-9658A)  operating  at  room 
temperature.  The  optical  system  was  set-up  in  order  to 
allow  a  field  of  view  of  4mm  in  diameter  and,  therefore, 
smaller  than  the  smallest  integral  length  scales  of  the 
turbulence  (estimated  to  be  roughly  15mm)  in  the  region 
where  most  of  the  measurements  were  made.  For  the 
experiments  discussed  here  a  grating  covering  the 
wavelength  range  380nm-760nm  was  used,  which  have 

allowed  the  detection  of  CH  (X  =  431.5  nm)  and  C2 
(X  =  516.5  nm)  radicals,  figure  2,  with  a  resolution  of 
about  7nm  at  half-peak  transmission.  The  spatial  resolution 
of  the  system  and  wavelength  readout  were  evaluated  and 
calibrated  using  an  Argon-Ion  laser  and  uncertainties  in  the 
measurements  are  estimated  to  be  less  than  10%, 
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Figure  3.  Sound  pressure  level  as  a  function  of 
equivalence  ratio  and  swirl  level. 


Figure  3  shows  the  variation  of  the  extinction  limits 
and  of  the  sound  pressure  level  as  a  function  of  the 
equivalence  ratio  and  swirl  level  and  define  the  conditions 
for  which  high  intensity  combustion-induced  oscillations 
occur  (i.e.,  black  zones  in  figure  3).  These  conditions  are 
.a.ssociated  with  sound  levels  higher  than  llOdb  and  are 
characterized  by  a  single  peak  at  225  Hz  in  the  frequency 
spectrum  as  defined  in  figure  4.  This  corresponds  to  the 


Figure  5.  Sample  titne-tesolved  series  of  emission  of  C2 
radicals  from  the  near-burner  zone  and  sound 
level  radiated  from  the  combustor  for  a)  steady 
combustion,  106  dB  =  1.3)  and  b)  unsteady 
combustion,  122  dB  (4  e  0.3). 


vn-ioo 


PijCd) 


°  o  oo  ’  o  *  e.tw  o.^  *  t.m  i , W  '  iT^ 
tOUIVALENCP  RATIO 


rigiire  6.  Statistical  analysis  of  the  light  emitted  from  the 

near  burner  zone  together  with  the  sound 

pressure  level 

a)  Correlation  coefficient  between  C2  emission 
and  sound  level  as  a  function  of  equivalence 
ratio. 

b)  Frequency  spectrum  and  probability  density 
function  of  sound  level  for  unsteady 
combustion  (<^  =  0.3) 

c)  Frequency  spectrum  and  probability  density 
function  of  light  emitted  for  unsteady 
combustion  =  0.3) 

d)  Frequency  spectrum  and  probability  density 
function  of  sound  level  for  steady 
combustion  =  1.3) 

e)  Frequency  spectrum  and  probability  density 
function  of  light  emitted  for  steady 
combustion  =  1 .3) 


natural  frequency  of  the  combustor  calculated  for  an 
average  gas  mean-temperature  of  900  K  and  based  on  the 
excitation  of  a  quarter-wave  mode  of  a  standing  pressure- 
wave  within  the  combustor.  The  effect  of  the  geometry  of 
the  primary  zone  and  of  the  fuel  injector  on  the  on-set  of 
the  oscillations  is  discussed  elsewhere,  {9|.  Here  we  are 
concerned  with  the  necessary  coupling  which  should  exist 
between  the  rate  of  change  of  the  heat  release  rate  with  the 
pressure  distribution  in  the  combustor,  so  that  the  heat 
driven  oscillation  can  be  sustained.  The  chemiluminescent 
emissions  of  C2  are  interpreted  as  signatures  of  chemical 
reaction  and,  therefore,  used  to  achieve  this  aim. 


Figure  5  shows  samples  of  time  series  of  the  emission 
of  C2  free  radiciils  from  the  near-burner  zone  together  with 
those  of  the  sound  emitted  from  the  combustor  for  two 
different  operating  conditions,  namely  steady  (a)  and 
unsteady  combustion  (b).  The  randon  nature  of  the  two 
signals  of  the  unsteady  operation  of  the  combustor  is 
considerably  altered  with  the  on-set  of  the  high  intensity 
oscillations,  which  are  characterized  by  typical  periodic 
sound  waves  with  the  maxima  coupled  short  rises  in  the 
emission  of  light.  The  statistical  analysis  of  these  time 
series  is  shown  in  figure  6,  which  identifies  an  increase  of 
the  correlation  coefficient  between  the  two  signals  from  0. 1 
to  0.6  with  the  on-set  of  the  oscillations.  This  value  is  kept 
along  the  fuel  length  of  the  combustion,  as  expected  for  a 
standing  wave  and  shown  in  figure  7. 

The  results  are  a  clear  evidence  of  the  phase 
relationship  between  the  varying  rate  of  the  heat  relea.se  and 
the  fluctuating  component  of  pressure,  which  drives  the 
oscillation.  Perturbations  in  the  turbulent  heat  release  rate 
induce  pressure  fluctuations  |e.g.,  10)  which,  in  turn, 
couple  with  the  acoustic  behaviour  of  the  combustor  when 
the  extent  of  the  zone  where  heat  is  released  is  limited  to 
the  pressure  antinode  located  in  the  near  burner  zone.  This 

occurs  clo.se  to  the  extinction  =  0.3;  see  for  example  |9)) 
and  is  characterized  by  an  abrupt  change  in  the  amplitude 
of  the  sound  radiated  from  the  combustor. 


Figure  7.  Correltttion  coefficient  between  C2  emission 
from  near  burner  zone  and  local  pressure 
fluctuations  along  the  combustor  for  unsteady 
combustion  (t>  =  0.3). 
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Rough  combustion  in  ducted  premixed  liames  is 
associated  with  oscillations  of  high  ampMude  dominated  by  an 
acoustic  or  a  bulk-mode  frequency  of  the  duct.  Passive 
methods  of  aftenualion  of  oscfllafions  |1-3)  imply  modificalions 
to  the  geometry  which  may  be  Inadmissible  in  many  instances, 
and  active  control,  which  entails  the  imposition  of  oscillations  on 
11.0  mean  How,  the  pressure  field  or  the  heat  release  in  the 
combustor  to  counteract  the  source  of  oscillalions,  could  be-  an 
alternative.  Although  active  control  by  the  oscillation  of  the 
pressure  field  using  a  loudspeaker  |4,S|  has  been 
demonstrated  in  combustors  with  heal  release  rates  of  up  to  25 
kW  and  by  the  oscillation  of  mean  How  (6|  lor  heal  release  rates 
ol  up  to  250  kW.  the  high  levels  ol  Input  which  may  be  needed 
at  the  large  heal  release  rates  ol  praclicai  combustors  are  more 
readily  provided  by  the  oscillalion  ol  fuel  [7 .8.9).  Attenuation  ot 
oscillalions  can  be  further  enhanced  by  irnproving  the  response 
ol  the  input  to  the  feedback.  Adaptive  control  involves  the 
modulation  ol  the  input  in  anticipation  of  the  feedback  and,  in 
Hie  absence  ol  a  universal  transfer  function  relating  the 
feedback  to  the  oscillalory  Input,  krxtwledge-based  control  with 
Hie  input  regulated  on  the  basis  of  a  periodically  monitored 
feedback  signal  could  be  an  option 

The  present  work  concerns  knowledge-based  control  ol 
oscillalions  in  premixed  flames  stabilised  behind  disks  ol  area 
Itlockage  ratio  0.25  and  sudden  expansions  ol  area  ratios  2  5 
.and  4  0  in  ducts  ol  diameter  between  40  and  80  mm  without 
.and  with  exit  nozzles  for  air  and  fuel  flow  rates  of  up  to  3  0  and 
0  15  kg/min,  respectively,  with  heat  release  rates  of  up  to  120 
kW  in  the  How  arrangements  ol  Fig.  1 .  Air  and  fuel,  mixed  in  a 
swill  register,  flowed  past  a  honeycomb  llow-straighlener, 
except  in  the  arrangement  ol  Fig.  1b  where  mixing  was  by 
impingement  ol  radial  jets  ol  air  and  fuel,  before  combustion 
downstream  of  the  llame  holder.  Control  was  mainly  by  the 
oscillalion  ol  secondary  fuel  injected  upstream  of  the  llame 
liolder  by  a  needle  valve  attached  to  a  vibrator  (Ling  403)  driven 
by  a  power  amplilier  (Oerrilron  TAI20).  The  oscillation  of  the 
liiol  was  not  quanlilied  In  absolute  terms  and  some 
measurements  were  carried  out,  lor  purposes  ol  comparison. 
Willi  control  by  the  oscillation  ol  the  pressure  field  using  a 
diapliragm  attached  to  the  duct  wait  (Fig.  ta)  and  driven  by  the 
vitii.iior  and  using  a  100  W  wide  range  loudspeaker  (Fig.  tb). 

The  control  circuit  was  as  shown  in  Figure  2  and  Ihe 
baixf'pass  filtered  (Krohn-HHe  3202)  feedback  signal  from  a 
pressure  transducer  (Kisller  6f2t  with  charge  ampNIier  5007) 
was  phase  shilled  and  (jreamplilied  by  a  custom-built  phase 
sliiller  which  also  monitored  Ihe  feedback  frequency.  The 
soiiware-conirolled  preampMied  signal  was  inaemenfed  In  the 
r.-iiio  where  n  was  any  Msger  between  0  and  63.  and  Ihe 
preampHlled  signal  amplitude  was  maintained  constant  by 
selling  n-0.  Control  was  based  on  sampling  Ihe  digitised  (Data 
Translation  A/0  board  0T2824-PQL)  leedback  lor  5  ms  in  a 
microcomiMtef  (Tandon  TM-7104)  and  comparing  the  largest 
amplitude  m  that  period  wNh  that  ol  the  previous  sample  and 
incrementing  the  preampMied  input  to  Ihe  power  amplilier 
through  an  Inlerface  board  (Amplcon  PC-14A).  The  antfiMude 
and  dombtani  trequeney  ol  the  leedback  were  measured  using 
an  FFT  spectrum  analyiar  (Spectral  Oynamles  340),  Ihe  phase 
shHi  monitored  by  a  dual  beam  oscilloscope  (Tektronix  2225), 


and  Ihe  leedback  and  preamplifier  output  recorded  using  a  data 
recorder  (Hewlett-Packard  3968A).  Measurements  also 
included  Ihe  tree-field  sound  level  (Bruel  &  Kjaer  meter  2215 
with  microphone  4134)  in  the  exit  plane  ol  Ihe  combustor  arx) 
20  duct  diameters  from  Ihe  axis 


Figure  1 :  Burner  Qeomelries 

a)  arrangement  with  oscfHaling  diaphragm; 

b)  wHh  loudspeaker:  c)  wHh  direct  injection  ot  fuel; 
d)  modHicallon  of  1c  lor  radial  Injection  ot  secondary 
air  and  luel:  e)  modHicallon  ol  lc  lor  axial  Injection. 

DD  -  disk  diaphragm,  EN  -  exH  nozzle.  FH  -  flame  holder, 
FT  •  flame  trap.  FR  -  fuel  receiver,  LS  -  loudspeaker,  PT  ■ 
pressure  transducer,  SA  -  sound  absorbent  packing.  SR  - 
swirl  regisler,  VB  ■  iHbralor 


y«-103 


Figures  3  and  4  show  lhal  the  altenualion  ol  Ihe  120  Hz 
quarter-wave  oscillations  in  Ihe  arrangement  ol  Fig  la  was 
insensitive  to  phase  within  30°  ol  Ihe  optimum  and  to  power 
input  greater  than  Ihe  necessary  minimum  The  diaphragm  was 
oscillalr'd  at  constant  amplitude  and  rms  pressures  ol  up  to  2 
kPa  close  to  the  aniinode  were  attenuated  by  10  dB.  with  Ihe 
diaphragm  kxtaled  close  to  the  antinode.  The  attenuation  of 
sound  ievel  was.  as  in  all  other  measurements  in  the  present 
work,  nearly  the  same  as  that  in  rms  pressure.  Attenuation  ol 
oscillations  was  less  than  10  dB  lor  rms  pressures  greater  than  2 
kPa  because  Ihe  maximum  acoustic  input  was  only  2  mW  lor  a 
power  input  ol  120  W  to  Ihe  vibrator 

The  acoustic  input  was  increased  to  1  W  in  the 
arrangement  ol  Fig  1b,  but  Ihe  input  was  at  a  node  ol  a  120  Hz 
liall-wave  frequency  owing  to  Ihe  dimensions  of  the 
loudspeaker  Attenuation  ol  10  dB  in  rms  pressures  ol  up  to  3 
kPa  close  to  the  aniinode  was  possible  (Fig  Sa).  but  Ihe 
loedback  amplitude  varied  perirxiically  (Fig.  5b)  and  when  Ihe 
peak  amplitude  ol  Ihe  leedback  was  less  than  500  Pa  Ihe  input 
lost  lock  with  the  leedback.  Lock  was  regained  when  Ihe 
amplitude  recovered  This  behaviour  prevented  further 
enhancement  ol  attenuation  with  a  constant  amplitude  ol  input 
Hie  use  ol  knowledge  based  control  increased  attenuation  by 
5  dB  to  15  dB. 

Ol  the  three  arrangements  lor  control  by  oscillalon  ol 
luel.  axial  injection  ol  air  and  fuel  (Fig  le)  was  Ihe  rrwsl  elleclive 
and  rms  pressures  up  to  3  kPa  close  to  Ihe  antinode  were 


attenuated  by  10  dB  with  a  constant  amplitude  ol  oscillation  ot 
secondary  luel  constituting  12%  ol  Ihe  total  (Fig  6) 
Attenuation  ol  rms  pressures  up  to  4  kPa  was  possible  with  1B% 
ol  the  luel  injected  as  secondary  luel  and  the  use  ol 
knowledge  based  conirol  increased  attenuation  by  5  dB  to  15 
dB  Figure  6  also  shows  lhal  Insensitivity  to  phase  was  limited  to 
10°  about  the  optimum  compared  with  around  20°  with  the 
loudspeaker  This  was  possibly  due  to  uncertainties  in  the 
mixing  between  primary  and  secondary  Hows  and  in  Ihe 
chemical  reaction  The  sensitivity  ol  attenuation  to  phase  and 
the  dependence  ol  optimum  phase  on  How  conditions  made  it 
more  diflicull  to  Impose  control  before  the  onset  ol  oscillations 
ol  high  amplitude  than  was  possible  with  a  loudspeaker 

Figure  7  shows  Ihe  leedback  traces  lor  three  values  of 
Ihe  gain  parameter  n  and  Fig  8  Ihe  influence  of  Ihe  gain 
parameter  on  attenuation  lor  the  How  conditions  ol  Fig.  6  The 
variation  in  signal  amplitude  is  a  minimum  and  Ihe  altenualion  a 
maximum  lor  n=2  The  dependence  ol  attenuation  on  Ihe  gain 
parameter  is.  however,  small  so  lhal  Ihe  precise  determination 
ol  transfer  functions  does  not  seem  critical  to  active  conirol  ol  a 
single  dominant  frequency 

Bulk  mode  oscillations  in  ducts  with  an  acoustically 
closed  end  and  an  exit  nozzle  were  attenuated  by  about  8  dB 
lor  rms  pressures  ol  around  2  kPa  by  Ihe  oscillation  ol 
secondary  luel  (Fig  9).  Attenuation  was  poor  at  higher 
amplitudes,  mainly  because  Ihe  instability  was  associated  with 
poor  flame  stabilisation 


I  iqiirc  2  Knowledge  based  conirol  circuit 


I  igure  3  Influence  ol  phase  on  oscHlations 

Geometry  la.  O»40  mm,  X/0.17  5,  L/D.7,  Xj/0-5, 
X(yD.2.  U^mean  upstream  velocity<16  m/s.  Re= 

UD/v=42  000.  ^^equivalence  r3lio<0.85.  heal  release 
rale=45  kW 


Figure  4:  Inlluence  of  power  input 

Flow  condilions  as  lor  Fig.  3;  optimum  phase. 
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Figure  5:  Control  using  loudspeaker 

Geometry  1b.  D*40  mm.  X/D=35.  L/0-8. 

U-16  nvs,  Re*42  000, 4=0  83.  heat  release«45  kW 
a)  inlluence  of  phase  on  rms  pressure,  b)  input  (upper) 
and  feedback  (lower)  signal  traces  for  control  with 
constant  amplitude  input. 


t/4  wave  frequency  «  1?0  Hz 
wiihoul  control 


r 


L 

-180* 


willi  control..^  y 

ScA 


t 


with  control  slop*!  41  Ug 

O'  i8or 

phase  relative  to  optimuni 

Figure  6:  Control  by  oscHlallon  ol  luel 
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Geometry  le  wHhout  exN  nozzle.  D«40  mm,  X/D-16  5, 
L/D>B,  Xt/D«2.  U-16  nVS.  Re''42  000.  8-0  9  (12%  Ol 

luel  Injected  as  secorxiary  luel  al  3).  heat  release^ 
50  kW. 
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Control  of  quarter-wave  oscillations  at  200  Hz  and  a  heal 
release  rale  of  80  kW  in  disk  stabilised  flames  in  a  40  mm  duct 
resulted  in  attenuation  by  about  10  dB  at  rms  pressures  ol  up  to 
2  5  kPa.  The  smaller  attenuation  was  possibly  due  to  reduced 
oscillation  ol  the  fuel  at  the  higher  frequency  and  the 
distribution  ol  heal  release  over  a  longer  distance  downstream 
ol  the  name  holder  at  the  higher  flow  rale.  Quarter-wave 
oscillations  at  200  Hz  with  rms  pressures  ol  up  to  4  kPa  near  an 


— - 1.250  ms  ..  . 

I  iqure  7  Influence  ol  gain  parameter  on  feedback  signal 

flow  conditions  ot  Fig  6  The  upper  trace  is  input  and 
the  lower  feedback. 

a)  constant  input  amplitude.  n=0:  b)  on/olf  control. 
n»0;  c)  input  voltage  step  ratio  1  41,  n=2 


f  igure  8  inlluence  ol  step  size  on  attenuation 


Flow  conditions  ol  Fig  6;  optimum  phase 


Geometry  1e  wHh  exit  nozzle.  0>40  mm.  X/0«  tO. 
L/0.8.  D^D»0  7.  Xy/0-2.  U-18  nvs.  Re-42  000. 
phase  optimum.  Approximately  10%  ol  fuel  ln|ected  as 
secondary  fuel  at  A-1 


antinode  in  sudden  expansion  flows  with  an  area  ratio  ol  2  5  and 
heat  release  rales  ol  around  100  kW  were  altenualed  by 
between  10  and  15  dB.  Control  was  less  elfectK/e  lor  an  area 
ratio  of  4.0  due  to  high  amplitudes  ol  oscillation 

Tabie  1  compares  the  maximum  attenuation  in  rms 
pressure  close  to  a  pressure  aniinode  in  the  arrangements  ot 
Fig.  1  with  values  reported  in  earlier  work  It  is  evident  that 
attenuation  greater  than  20  dB  is  possible  with  rms  pressures 
less  than  2  kPa  and  heal  release  rales  less  than  25  kW  Higher 
amplitudes  ol  oscillation  associated  with  larger  heal  release 
rales  are  attenuated  by  up  to  15  dB.  which  is  comparabie  with 
the  attenuation  reported  lor  passive  control  |2|  The  8  dB 
attenuation  ol  |7)  is  possibly  due  to  dilliculties  in  moduiating  the 
oscillation  ol  fuel  in  response  to  the  feedback,  and  the 
attenuation  ol  the  low  amplitude  ol  oscillation  in  the  1  MW 
burner  ol  18)  with  a  short  duct  is  small  possibly  because  ol  a 
small  amplitude  ol  osciMalion  ol  fuel 


TABLE  1:  Allerruation  ol  Oscillations  in  Dueled  Flames 


Geometry 

T  echnique 

Heal 

Release, 

kW 

RMS 

Pressure, 

kPa 

Attenuation, 

dB 

Poinsol  el  al 
(■•I 

Loudspeaker 

25 

1.7 

22 

Gulati  &  Mani 
|5| 

Loudspeaker 

1 

0  2 

33 

Bioxsidge 
et  al  16) 

Oscillation  ol 
How 

250 

4  0 

15 

Langhome 

S  Hooper  17) 

Oscillation  ol 
luel 

250 

4  0 

8 

Wilson  el  al 
|8) 

Oscillation  ol 
luei 

1000 

small 

6 

Figure  la 

Oscillation  ol 
diaphragm 

45 

2 

10 

figure  1b 

Loudspeaker 

50 

3 

15 

Figure  1e 
(disk) 

Oscilialion  ol 
luel 

50 

4 

15 

(sudden 

100 

4 

15 

expansion) 
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Nearly  complete  absence  of  focluul  in  roinin  I  ion  on  llio  behavior 
of  the  perspective  boronorgrinic  compound  in  high-speed  and  high 
temperature  gas  flows  makes  it  difficult  to  draw  competent 
conclusions  about  the  prospects  and  limits  of  expedient  using  of 
this  class  of  high  energs'^  compounds.  The  problem  of  full  burning  of 
powdered  boron  of  various  modifications  of  d i spe rs i ons ( i nc luding 
the  combustible  suspensions)  urgently  demands  that  the  alternative 
ways  of  organizing  the  combustion  process  of  boron  containing 
fuels  In  gosimninly  m  i  r )  flows  be  sonrclH*<l  for.  The  most  r’^'omising 
one  is  to  use  the  compoutids  in  which  l>oron  is  contoinnd  at  the 
molecular  or  atomic  level, i.<?.  horotdiydr  i  ds  .  ca  rbo  rones  and 

boronalkyles . 

To  clear  up  the  comparative  role  of  physico-mechonical  and 
chemical  factors  at  dispersion  and  combustion  of  corborancs  in  air 
( oxygen ). pecu 1 iar i t i es  of  dispersion  of  liguid  corborancs  behind 
the  shock  waves  were  investigated  with  carborono- 10  derivatives. 
Despite  their  compo ra t i ve 1 y  high  viscosity  cfwborane-lO 

derivatives  were  found  to  bo  di  sp<m5;<?<I  thiruicr  ll^nn  the 

hydrocarbons  under  the  same  Weber  ond  RcinoJds  numbers. 

In  the  experiments  with  gaseous  carborane-4  and  liguid  derivatives 
of  carborano-lO  the  dependences  of  se 1 f  -  i gn i t i on  delays  upon  tem¬ 
perature  and  pressure  of  the  shock  compressed  air  were 

determinated . Exceptionally  high  chemical  activity  of  carborones 
was  observed. 

Possibilities  of  using  carborane-iO  derivotivos  os  promoters  of 
se 1 f - igni t ion  were  noted  for  vorious  kinds  of  hydrocarbon  fuels. 
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Catalytic  igniter  Is  a  passive  Ignition 
device  which  requires  no  external  energy 
source.  After  a  combustible  mixture  Is 
Injected  Into  the  catalytic  reactor, 
heterogeneous  catalytic  reactions  are 
Initiated  spontaneously  which  triggers  the 
homogeneous  reactions.  The  granular  bed 
catalytic  Ignltei  has  been  In  use  for  many 
years  In  small  rocket  thrusters  for  the 
altitude  control  of  satellites  111.  The  use 
of  monolithic  bed  catalytic  combustors  h.as 
been  considered  In  gas  turbines  12.31. 
Recently,  there  has  been  Interest  In  adopting 
monolithic  ro.actor  for  the  Ignition  of 
hydrogen/oxygen  mixture  In  rockets  14). 

A  monolithic  cat.nlytlc  reactor  consists 
of  a  solid  substrate  block  with  parallel  flow 
channels  (e.g  .  honeycomb).  On  the  surface  of 
the  channel,  a  layer  of  porous  material 
(l.e.,  alumina)  Is  coated.  Within  the  pores, 
catalysts  are  deposited  (see  Fig.  1).  When 
the  gaseous  reactants  flow  through  the 
channel,  they  diffuse  toward  the  porous  layer 
and  Into  the  pore.  There  they  get  absorbed 
and  reacted,  with  a  rate  depends  on  the  local 
temperature,  concentration  and  the  type  of 
catalyst.  The  heat  released  In  the  reaction 
Is  transferred  through  this  catalytic  layer  to 
both  the  substrate  and  tlie  gas  In  the  channel. 
When  the  temperature  of  the  gas  In  the  channel 
becomes  sufflcienlly  high,  gas-phase  reaction 
Is  triggered. 

There  are  many  rate  processes  Involved  In 
this  Ignition  event;  gas  phase  dllfuslon 
across  the  channel,  reactant  diffusion  and 
heat  conduction  In  the  porous  catalytic  layer, 
heat  conduction  and  heat-up  of  the  substrate, 
gas  transient  through  the  channel  and 
catalytic  and  gas-phase  reactions.  Estimation 
of  the  rates  associated  with  these  transient 
processes  have  been  m.ade  whictr  Indicates  the 
possibility  of  a  large  range  of  time  scales 
(5,61.  Typically  substrate  heat-up  Is  the 
slowest  and  mass  diffusion  across  the 
catalytic  layer  Is  the  fastest  (chemical 
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reaction  rates  are  not  included  in  this 
comparison  because  they  vary  greatly  during 
the  ignition  transient).  Although  the 
formulation  of  a  model  Including  all  the 
transient  processes  are  straightforward,  the 
actual  numerical  computation  from  fuel 
injection.  Ignition  to  steady  state  Is  too 
time  consuming  and  impractical. 

One  way  to  accelerate  the  computational 
process  Is  to  assume  quasi -steadiness  for  all 
the  faster  processes  and  only  treating  the 
substrate  heat-up  as  unsteady.  This  was 
adopted  In  a  number  of  transient  models  (eg. 
151)  but  it  bypassed  the  details  In  the 
initial  unsteady  period.  Also,  all  the 
previous  monolithic  catalytic  combustion 
models  have  assumed  that  the  catalytic 
reaction  occurs  only  on  the  surface  of  the 
substrate,  l.e..  there  Is  no  structure  of  the 
reaction  zone  within  the  porous  catalytic 
layer.  This  Is  In  contrast  to  earlier  works 
on  catalytic  reaction  In  pellets  where 
in-depth  mass  diffusion,  heat  conduction  and 
reaction  are  treated  (catalytic  reaction  only, 
no  gas  phase  reaction)  These  works  show  that 
when  the  pellet  temperature  is  low  (before 
ignition),  the  reaction  Is 
klnet leal ly-c^uU  rol led  and  when  the  pellet 
temperature  becomes  high  enough  (after 
Ignition),  the  reaction  becomes  d I f f us  I ona ! I y 
control  led. 

In  the  present  work,  the  transport  and 
reaction  processes  Inside  the  porous  catalytic 
layer  are  Included.  In  the  mass  diffusion  and 
heat  conduction  equations,  effective  diffusion 
coefficient  and  heat  conductivity  are 
utilized.  In  the  computation  performed,  the 
reactants  are  assumed  to  be  a  rich 
hydroger\-oxygcn  mixture  and  the  catalyst  Is 
platinum. 

A  one-step  catalytic  reaction  Is  assumed 
with  rate  constants  taken  from  available 
experimental  data.  The  model  consists  of  two 
submodels:  a  full-transient  submodel  with  all 
the  unsteady  processes  (including  the  shortest 
mass  diffusion  in  catalytic  layer)  and  an 
energy-integral  submodel  which  Includes  only 
the  solid  heat-up  as  the  transient  process  and 
quasi-steady  state  for  the  rest.  Both 
submodels  are  self-contained  and  can  be  tun  by 
Itself.  The  energy-integral  model  Is 


VR-IO? 


computationally  officienl  and  is  capable  of 
catching  only  the  longer  lime  combustor 
responses.  The  full  transient  model,  although 
capable  of  describing  all  the  unsteady  events, 
is  computationally  uneconomical.  A  logical 
approach  Is  to  combine  the  two  If  both  the 
initial  fast  transient  events  and  the 
computational  economy  are  demanded.  Such  an 
approach  Is  followed  In  this  work  which  is 
described  in  detail  in  Ref.  6.  The 

full-transient  submodel  is  used  initially 
because  the  early  period  of  ignition  process 
is  fast.  In  a  typical  catalytic  Ignition 
process,  all  the  processes  become  quasi  steady 
except  the  solid  heatlng-up  after  the  initial 
transient.  At  that  time  we  switch  to  the 
energy-integral  model  (with  considerably 
larger  integration  time  step)  until  the  steady 
state  is  reached. 

The  following  figures  give  an  example  of 
some  of  the  computed  results.  Because  of  page 
limit,  only  the  long-time  behavior  is  shown 
here.  Fig  2  gives  the  In-depth  profile  in 

the  solid  (catalytic  layer  1  a  r  s  0, 

substrate.  3  s  r  >  1)  when  the  nondlmensional 
lime  Is  equal  to  3  (nond imenslonn 1 Ized  by  the 
solid  heat-up  time).  Fig.  7(a)  shows  that  the 
temperature  gradient  in  the  radial  direction 
Is  uniform  inside  the  substrate  There  Is 
only  a  small  radial  temperature  gradient  In 
the  catalytic  layer.  Fig.  2(b).  however, 

shows  large  oxygen  gradienl  In  both  radial  and 
axial  directions.  Ihese  produce  very 

non-uniform  reactivity  contours  shown  In  Fig 
2(c).  Fig.  3  presents  the  axial  profiles  of 
temperatures.  oxygen  concentrations  and 
reactivities  at  several  different  instances. 
When  nondlmensional  time  is  equal  to  one.  the 
catalytic  surface  temperature  Is  higher  than 
the  gas  temperature.  Although  catalytic 
reaction  Is  significant,  the  gaseous  reaction 
rate  Is  negligible.  When  nondlmensional  time 
is  two. small  amount  of  gas  phase  reaction 
occurs  at  the  end  of  the  combustor.  When 
nondlmensional  time  reaches  three,  gas 
ignition  Is  achieved  at  x  =  0  6  and  sudden 
temperature  rise  and  abrupt  drop  of  oxygen  can 
he  seen.  At  this  time,  steady  state  Is 

practically  achieved.  Fig.  4  gives  an 
ignition  map  When  the  combustor  length  and 
catalyst  loading  are  too  small,  no  ignition 


occurs.  When  they  become  large  enough  both 
catalytic  and  gas-phase  Ignitions  can  be 
obtained.  In  between,  catalytic  ignition 
occurs  but  gas-phase  ignition  does  not 

Detailed  formulation  of  the  models  and 
computed  results  of  various  cases  can  be  found 
In  Ref.  6. 
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Figure  1.  Monolithic  reactor  model  description 
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ABSTRACT 


This  paper  describes  the  results  of  an 
investigation  of  the  combustion  of  heavy  liquid 
fuels  in  an  insulated,  Rijke  type,  pulse 
combustor  which  utilizes  a  recently  developed 
langential  fuel  and  air  injection  system.  This 
study  was  stimulated  by  the  need  to  develop 
combustors  which  can  bum  low  quality  fuels, 
sucli  as  heavy  fuel  oils,  with  high  combustio  i 
efficiencies  and  low  pollutant  emi.ssions.  It  had 
been  previously  demonstrated  that  pulse 
combustors  can  bum  various  fuels  with  high 
combustion  efficiencies  and  intensities  while 
utilizing  low  excess  air  values.  These  attributes 
of  pul.se  combustors  are  directly  related  to  the 
presence  of  flow  pulsations  which  increase  the 
rates  of  mass,  momentum  and  heat  transfer 
within  the  combustor.  Consequently,  it  had  been 
expected  that  burning  heavy  liquid  fuels  in  a 
pulsating  flow  environment  will  accelerate  their 
rates  of  combustion  and  minimize  pollutant 
emissions. 

A  Rijke  type  pulse  combustor  consists  of  a 
tube  of  length  L  which  is  open  at  both  ends.  Air 
is  generally  supplied  at  one  end  and 
arrangements  are  made  to  assure  that  the 
majority  of  the  combustion  process  energy  is 
released  in  a  combustion  zone  that  is 
concentrated  at  a  distance  of  L/4  from  the 
combustor  entrance.  This  can  be  attained  with 
solid  fuels,  such  as  coal  and  wood,  by  burning 
the  fuel  on  a  metal  grid  that  is  located  at  the  L/4 
position.  This  can  be  also  accomplished  with 
gaseous  fuels  by  simply  injecting  them  into  the 
air  stream  in  the  vicinity  of  the  L/4  position 


because  gaseous  fuels  react  rapidly  once  they  are 
mixed.  It  is  considerably  more  difficult  to 
accomplish  this  goal  with  liquid  fuels.  To  bum 
a  liquid  fuel  in  a  Rijke  type  pulse  combustor  it  is 
necessary  to  atomize,  evaporate,  mix  and  react 
the  fuel  within  a  short  distance  in  the  vicinity  of 
the  L/4  location.  A  liquid  fuel  burning  Rijke 
pulse  combustor  which  can  attain  this  goal  was 
developed  earlier  under  this  program  while 
using  kerosine  and  light  fuel  oils.  In  order  to 
determine  whether  heavy  fuel  oils  can  be  also 
burned  efficiently  in  the  developed  combustor, 
the  combustion  of  fuel  oils  Nos.  5  and  6  in  this 
pulse  combustor  was  investigated  and  the  results 
are  reported  in  this  paper.  Of  special  interest 
was  the  need  to  determine  whether  operational 
problems  related  to  poor  atomization,  long 
flames,  incomplete  combustion,  soot  fonnation, 
heavy  wall  deposits  and  clogging  of  fuel  lines 
and  injectors,  which  are  often  encountered  with 
these  fuels  in  conventional  combustors,  will  Ije 
also  encountered  in  the  developed  Rijke  pul-e 
combustor. 

The  search  for  a  method  which  permits 
combustion  of  liquid  fuels  within  a  relatively 
short  region  in  a  tube  led  to  the  developme.it  of 
a  unique  fuel/air  injection  system.  A  schematic 
of  the  developed  Rijke  pulse  combustor  which 
utilizes  this  injection  system  is  shown  in  Fig.  1. 
It  consists  of  a  long,  vertical,  refractory  lined, 
combustor  tube  that  is  attached  to  decoupling 
chambers  at  both  ends  to  assure  that  the  acoustic 
pressure  nodes  exist  at  the  combustor  exit  and 
entrance  planes.  The  combustion  air  is  divided 
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into  two  streams.  The  axial  stream  enters  the 
combustor  through  the  upper  decoupler  while 
the  remaining  air  is  further  divided  into 
swirling  and  atomizing  streams  which  enter  the 
combustor  with  the  fuel  through  the  air/fuel 
injection  system.  The  atomizing  air  stream  is 
used  to  entrain  the  liquid  fuel  and  the  swirling 
air  stream  is  used  to  provide  the  swirling  flow 
rate  necessary  for  stabilizing  the  combustion 
process.  The  resulting  air/fucl  mixture  is 
injected  tangentially  into  the  combustor. 


Ftsiirc  1 .  A  Schematic  of  the  Developod  Insutaivd  Liquid 
Fuel  Buminf  Rijke  Type  Pulse  Combustor  with 
Tangential  Air  and  Fuel  Injection  System. 


To  optimize  the  combustor  performance, 
its  dependence  upon  the  relative  flow  rates  of 
the  axial,  atomizing  and  swirling  air  flow  rates 
were  investigated  initially.  These  tests  were 
conducted  by  keeping  two  of  the  three  air  flow 
rates  fixed  and  varying  the  third  one  and.  thus, 
the  overall  air/fuel  ratio.  The  performance  of 
the  combustor  was  determined  from 
measurements  of  the  amplitudes  of  the  pressure 
and  C-C  radiation  oscillations  and  the  phase 


between  the  two.  There  tests  revealed  that  the 
amplitude  of  pulsations  decreased  monoionically 
as  the  axial  air  flow  rate  increased,  and  that 
there  exist  ranges  of  atomizing  and  swirling  air 
flow  rates  which  maximize  the  amplitude  of 
pulsations.  Significantly,  pulse  combustion 
operation  with  amplitudes  higher  than  165  dB 
was  attained  at  those  flow  rates  for  which  the 
pulse  combustion  operation  was  optimized.  The 
paper  also  presents  the  measured  radiation 
amplitude  and  phase  data  and  relates  them  to  the 
Rayleigh's  criterion  and  the  measured  pressure 
amplitudes.  Furthermore,  high  combustion 
efficiencies  were  attained  with  less  than  10% 
excess  air.  Finally,  examination  of  the 
combustor  walls  after  the  tests  revealed  no 
carbon  or  tar  accumulations  and  no  smoke  was 
visible  in  the  exhaust  flow  during  the  tests, 
further  indicating  that  the  developed  pulse 
combustor  p  oduced  complete  combustion  of  the 
heavy  fuel  oils. 

The  combustor  shown  in  Fig.  I  is  a 
duplicate  of  an  identical,  uninsulated,  pulse 
combustor  which  had  been  developed  earlier 
under  this  program.  The  insulated  version  of 
the  combustor  was  developed  in  order  to  assess 
the  effect  of  temperature  upon  the  developed 
combustor  performance.  Comparisons  of  the 
performances  of  both  pulse  combustors  under 
identical  operating  conditions  revealed  that  the 
addition  of  insulation  increased  the  maximum 
temperature  inside  the  pulse  combustor  by 
approximately  lOO^C  and  it  decreased  the 
amplitude  of  pulsations  by  several  dB.  The 
latter  must  be  the  result  of  sound  attenuation  by 
the  refractory  lining.  More  importantly,  the 
addition  of  the  refractory  lining  did  not  affect 
the  range  of  operating  conditions  of  the  pul.se 
combustor.  These  results  indicate  that  unless 
there  is  a  need  to  minimize  heat  losses  from  the 
combustor,  there  is  no  advantage  in  insulating 
the  combustor,  and  operating  at  higher 
temperature. 
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This  study  describes  the  application  of  analyt¬ 
ical  techniques  which  are  beinc  developed  to  pre¬ 
dict  the  ignition  transients  of  segmented  solid  pro¬ 
pellant  rocket  motors  particular  attention  is  given 
to  the  large,  solid  rocket  motor  (SRM)  which  is  be¬ 
ing  developed  for  the  Space  Shuttle,  Ariane  5,  etc. 
The  booster  is  refered  to  as  a  segmented  motor  (as 
opposed  to  a  monolithic  motor)  since  it  consists  of 
several  large  motor  segments  which  are  joined  to¬ 
gether,  The  development  of  large  SRM's  is  accom¬ 
panied  by  a  number  of  questions  pertaining  to  op- 
timiaing  performance,  improving  reliability,  and  re¬ 
ducing  the  costs  of  qualification  tests.  During  the 
formative  phases  of  development,  it  is  natural  to  em¬ 
ploy  analytical  techniques  that  yield  a  more  compre¬ 
hensive  understanding  of  complex  interactions  be¬ 
tween  the  igniter  gas  flow,  heat  transfer  to  the  pro¬ 
pellant,  flame  spreading,  developing  flow  field,  ero¬ 
sive  burning,  and  burn-back  of  propellant  grains.  In¬ 
deed,  because  of  the  costs  of  manufacturing  and  test¬ 
ing  each  solid  rocket  booster,  predictions  and  design 
recommendations  based  on  comprehensive  analyti¬ 
cal  models  can  play  an  important  role  in  defining 
the  SRM  configurations.  While  the  emphasis  of  this 
research  is  on  large  SRM's,  the  methodologh  is  not 
dependent  on  motor  diameter  and  thus  can  be  ap¬ 
plied  to  a  wide  variety  of  high  length-to-diameter 
ratio  motors.  The  igition  transient  comprises  a  com¬ 
plex  series  of  interrelated  events  processed,  such  as 
I)the  initiation  of  igniter  discharge  signal;  2)heat 
generation  caused  by  chemical  reaction  between  ig¬ 
niter  species;  3)conductive,  convective,  and  radia¬ 
tive  heat  transfer  from  igniter  products  to  the  pro¬ 
pellant  surface;  Ijflame  spreading  over  the  entire 
propellant  surface;  5)development  of  the  flow  field 
in  the  chamber;  and  6)increase  of  chamber  pressure 
to  the  sometimes  accompanied  by  many  abnormali¬ 
ties,  such  as  over-pressures,  hang-fire  (delayed  igni¬ 
tion),  damaging  shock  waves  (detonation),  combus¬ 
tion  oscillation,  chufling,  and  extinguishment.  For 


simulating  the  actual  conditions  in  segmented  solid 
rocket  motors,  however,  several  essential  elements, 
which  should  be  incorporated  into  the  char’s  model 
|l|  include:  real  gas  elTect,  canted  impingement-type 
pyrogen  igniter,  submerged  exit  nozzle,  grain  burn 
back,  optional  burning-rate  law,  dynamic  thrust,  and 
so  on. 

The  primary  objectives  of  the  research  described 
in  this  work  are:  1)  To  advance  the  stated-of-lhe- 
art  in  the  study  of  internal  ballistics  of  modern  .seg¬ 
mented  SRM,  by  upgrading  the  theoretical  model, 
through  the  incorporation  of  a  number  of  real  factors 
encountered  in  actual  rocket  motors;  2)  To  develop 
a  new  version  of  the  computer  program  and  obtain 
analytical  solutions  which  can  help  explain  the  phys¬ 
ical  mechanisms;  and  3)  to  introduce  the  parametric 
study  by  changing  the  key  parameters  of  the  model, 
and  observe  the  effects  of  the.se  parameters  on  the 
internal  ballistics. 

Figure  1  is  a  sketch  of  the  segmented  solid  rocket 
motor  with  a  submerged  nozzle  and  a  pyrogen  type 
head-end  igniter.  Three  slots  exist  in  the  rocket  mo¬ 
tor.  In  fig.  2  a  longitudinal  section  through  slot  is 
shown  and  nomenclature  used  in  the  analysis  of  slots 
are  also  given.  The  mathematical  formulation  of  the 
approach  to  the  above-described  problem  consists  of 
the  following; 

(a)  Mass,  momentum,  and  energy  conservation 
equations  in  unsteady,  quasi-two-dimensional 
form  for  the  gas  phase; 

(b)  Equation  of  state  for  the  gas  flowing  in  the 
motor; 

(c)  Proper  initial  conditions  at  the  start  of  the 
transient  (onset  of  igniter-flow); 

(d)  Two  boundary  conditions  at  the  fore-end  of 
the  propellant  section,  obtained  from  a  pair 
of  ordinary  differential  eqiiialions,  which 
describe  the  rate  of  change  of  pressure  and 
temperature  in  the  entrance  section; 
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(e)  Two  boundary  conditions  at  the  aft-end  of 
the  propellant  section,  obtained  from  a  pair 
of  ordinary  differential  equations,  which  de¬ 
scribed  the  rate  of  change  of  pressure  and 
temperature  in  the  aft-end  nozzle  section; 

(f)  A  third  boundary  condition,  which  described 
the  gas  velocity  at  the  entrance  to  the  mo¬ 
tor  nozzle,  for  either  choked  or  unchoked 
flow; 

(g)  Semi-empirical  correlations  for  the  convec¬ 
tive  heat-transfer  and  friction  coefficients 
for  the  highly  turbulent  flow  in  the  port; 

(h)  Burning  rate  law  for  the  solid  propellant, 
including  the  effects  of  initial  temperature, 
pressure,  and  velocity(erosive  burning); 

(i)  A  solid-phase  heat-up  equation  for  the  de¬ 
termination  of  the  propellant  surface  tem¬ 
perature  during  the  induction  interval,  cou¬ 
pled  to  an  ignition  criterion  for  the  solid 
propellant; 

(j)  A  grain  burn-back  equation  for  the  deter¬ 
mination  of  the  burning  parameter  and  port 
area  in  the  main  chamber;  and 

(k)  Thrust  calculations  based  on  nozzle-end  stag¬ 
nation  pressure  and  the  output  of  pyrogen 
igniter. 

Coupling  of  the  fluid  flow  processes  between  the 
several  circumferential  slots  and  the  main  chamber 
is  accounted  for  by  simultaneously  sloving  the  conti¬ 
nuity,  energy  and  momentum  equations  for  flow  into 
(or  out  of)  each  slot  and  coupling  the  result  with  the 
complete  PDE  solution  for  the  main  chamber  flow. 

Figure  3  shows  the  pressure  versus  time  relation 
at  different  locations  in  the  main  chamber.  Small 
disturbance  is  observed  in  the  initial  stage  of  the 
flame  spreading  period.  In  fig.  4,  temperature  his¬ 


tory  in  the  motor  at  different  locations  are  shown.  In 
Fig.  5,  the  calculated  velocity-time  traces  at  three 
different  locations  are  plotted.  In  the  beginning,  the 
velocity  at  the  upstream  location  is  faster  than  that 
at  other  locations.  After  (=0.1  sec.,  the  gas  veloc¬ 
ities  become  steady  at  all  locations,  and  the  veloc¬ 
ity  downstram  is  faster  than  the  velocity  upstream 
due  to  the  higher  mass  flow  rate.  Fig.  6  shows  the 
temperature  history  at  various  slots.  One  ran  see 
the  temperature-rise-time  in  the  slots  is  slower  than 
that  in  the  main  chamber.  This  indicates  the  time 
required  to  flush  the  warm  gases  from  thejslots  is 
appreciable.  As  shown  in  fig.  7,  the  net  flow  rate 
variation  in  the  slots  is  quite  complex.  The  flows  en¬ 
tering  and  exiting  the  slots  are  closely  coupled  to  the 
pressure  wave  that  occur  in  the  main  chamber.  The 
flow  oscillations  in  the  slots  are  complicated,  since 
each  slot  has  its  own  characteristic  filling  and  vent¬ 
ing  time.  During  the  flame  spreading  interval,  the 
net  flow  is  entering  the  slots.  After  ignition  of  the 
burning  suface  area  in  the  slots,  the  small  amount  of 
mass  is  generated  from  the  slots  and  approaches  a 
constant  level.  It  is  also  found  that  the  mass  flow  en¬ 
tering  and  exiting  the  slots  serve  to  damp  the  longi¬ 
tudinal  instability  waves.  More  detailed  results  and 
parametric  study  of  this  research  will  be  given  in  the 
full  paper. 
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Abstract 

The  plane  mixing  layer  is  loaded  with  polydis- 
per.sed  drops  at  the  upstream  of  the  high  speed  side.  A 
two  component  phase  Doppler  particle  analyzer  (PDPA) 
is  used  to  measure  the  size  and  velocity  of  the  two 
phase  flow.  Results  show  that  the  initial  momentum 
thickness  and  turbulence  fluctuations  of  the  gas  phase 
in  the  boundary  layer  of  central  splitter  plate  increase 
due  to  the  disturbances  of  the  dispersed  phase.  Re¬ 
sults  also  show  that  the  momentum  transport  process 
is  enhanced  through  the  dispersed  particle  motion  in 
the  transition  region  of  the  mixing  layer.  This  implies 
the  higher  developing  rate  than  the  single  phase  flow. 
Therefore,  the  transition  region  becomes  shorter  in  the 
two  phase  mixing  layer.  Moreover,  the  turbulence  in¬ 
tensities  and  Reynolds  stresses  of  the  two  phase  flow 
show  its  maximum  in  the  near  field  of  the  mixing  layer 
then  decrease  monotonously  in  the  downstream,  and 
those  are  lower  than  that  of  the  single  phase  flow  at 
fully  developed  region.  It  is  interested  to  note  that  the 
vortex  formation  and  merging  processes  which  are  pre¬ 
vailed  in  the  single  phase  flow  are  not  observed  in  the 
two  phase  flow  condition. 

Introduction 

This  paper  investigates  the  transition  process  of  a 
plane  mixing  layer  under  particles  loading.  The  initial 
condition  of  the  mixing  layer  determines  the  flow  prop¬ 
erties  in  the  downstream  and,  in  turn,  is  very  impor¬ 
tant  in  determining  the  efficiency  of  a  liquid  or  solid 
fueled  combustion  system.  The  single  phase  mixing 
layer  problem  has  been  widely  studied  in  the  literature. 
For  example,  Bradshnw(3|  and  Browand  and  LRtign(4| 
had  studied  the  effects  of  initial  conditions  on  the  mix¬ 
ing  layer  flow  by  using  trip  controlling  device.  Both 
laminar  and  turbulent  boundary  layer  conditions  were 
conducted  in  their  tests.  Bradshaw(3]  found  that  the 
increase  of  turbulent  kinetic  energy  to  a  higher  level 
in  the  mixing  layer  absorbs  a  large  proportion  of  the 
available  energy  production  for  a  considerable  distance 
downstream  when  the  initial  boundary  layer  is  turbu¬ 
lent.  The  self-preservation  phenomenon  is  hence  at¬ 
tained  slowly.  Browand  and  Latigo(4]  also  found  that 
the  lateral  length  scale,  i.e.  the  momentum  thickness, 
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which  characterizing  the  thickness  of  the  mixing  re¬ 
gion,  grows  more  slowly  in  a  initial  condition  of  tur¬ 
bulent  boundary  layer.  Ho[8]  further  suggested  that 
the  length  scale  in  the  initial  region  of  the  mixing  layer 
should  be  the  thickness  of  the  boundary  layer  on  the 
high  speed  side  and  that  is  important  in  determining 
the  flow  structure  downstream. 

Koochesfahani[ll]  investigated  the  linear  spatial 
instability  characteristics  of  both  uniform  and  nonuni¬ 
form  density  plane  mixing  layers.  He  found  that  the 
shear  layer  mode  dominates  the  wake  mode  when  the 
density  is  uniform  across  the  mixing  layer.  The  wake 
mode,  however,  becomes  comparable  or  even  stronger 
than  the  shear  layer  mode  if  the  density  of  the  low 
speed  stream  is  higher  than  that  of  the  high  si>eed 
stream.  Moreover,  Brown  and  RoshkolS)  found  that 
the  spreading  angle  decreases  as  the  density  of  the  high 
speed  gas  stream  is  higher  than  that  of  the  low  speed 
stream.  It  is  postulated  that  the  density  ratio  of  the 
two  layers  is  also  concerned  with  the  development  of 
the  mixing  layer. 

The  effect  of  particles  loading  on  the  fluid  motion 
is  due  to  the  different  inertia  between  phases  and  is 
depended  on  their  size,  relative  velocity  and  the  differ¬ 
ence  in  densities.  For  example,  in  an  attempt  to  in¬ 
vestigate  the  velocity  difference  between  pha-ses.  Ruck 
and  Makiola|15]  showed  that  the  particles  of  15  /im  di¬ 
ameter  deviate  from  the  motion  of  the  smaller  particles 
in  a  backward-facing  step  flow.  This  phenomenon  be¬ 
comes  more  pronounced  as  the  particle  size  increases 
and  is  further  demonstrated  by  Wang  and  Liu|18]  in 
their  two  phase  mixing  layer  experiment.  The  effects 
of  the  particles  loading  on  the  flow  turbulence  were  also 
studied  in  the  literature.  Rogers  and  E8ton[14]  stud¬ 
ied  the  response  of  solid  particles  to  a  vertical  turbulent 
boundary  layer  in  air.  They  found  that,  in  the  bound¬ 
ary  layer,  the  velocity  fluctuations  of  particles  with 
50  pm  and  90  pm  diameters  are  almost  the  same  as 
flow  turbulence  of  the  continuous  phase  in  the  stream- 
wise  direction,  but  those  in  the  normal  direction  are 
strongly  attenuated.  Tst^i  et  al|16,17|  further  stud¬ 
ied  the  interaction  between  particle  phaae  and  the  gas 
phase  in  the  horizontal  and  vertical  pipes.  They  found 
that  the  smaller  particles  result  in  suppression  of  the 
mainstream  turbulence  and  the  bigger  particles,  on  the 
other  hand,  result  in  an  increase  of  the  flow  turbulence 
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in  the  mainstreain.  Hetsronic[6|  concluded  the  studies 
in  the  literature  and  suggested  that  particles  with  low 
Reynolds  number,  i.e.  Re,  <  100,  cause  suppression 
of  the  turbulence,  while  particles  with  higher  Reynolds 
iiinnlKir,  i.e.  Re^  >  400,  cause  enhancement  of  turbu¬ 
lence.  The  latter  result  is  due  to  the  wake  phenomenon 
with  the  presence  of  the  larger  particles|l]. 

It  can  be  seen  from  the  above  investigations  that ' 
the  dynamics  of  the  two  pha.se  flow  is  quite  differ¬ 
ent  from  the  single  phase  flow  due  to  the  existence  of 
the  particles.  This  phenomenon  becomes  more  compli¬ 
cated  when  the  particles  are  loaded  in  the  free  shear 
layer  flow.  Hetsronic  and  SokoIov(7|  and  Modarress  et 
al.(12)  investigated  the  fully  turbulent,  two  phase  round 
jet  and  found  the  expansion  rate  and  turbulence  inten¬ 
sities  of  the  jet  flow  decrease  under  particles  loading. 
Interaction  between  phases  in  a  plane  mixing  layer  was 
further  studied  by  Wang  and  Liu[18|  in  their  exper¬ 
iment  with  polydisperscd  spray.  They  measured  the 
dispersion  rates  and  velocity  fluctuations  of  the  poly- 
dispersed  spray  in  the  mixing  layer  and  identified  the 
disi>ersion  rates  depend  on  each  individual  size.  How¬ 
ever,  the  above  mentioned  investigations  do  not  cover 
the  dynamic  Iwhavior  of  the  particles  in  the  transi¬ 
tion  region  of  the  mixing  layer  which  is  very  important 
in  the  understanding  of  the  evolution  processes  of  the 
particle  motion  from  the  separation  point  to  the  fully 
developed  region.  This  paper  first  describes  the  char¬ 
acteristics  of  the  initial  conditions  of  the  two  phase  flow 
at  the  splitter  plate  and  then  describes  the  evolution 
of  the  mixing  layer  under  particles  loading  in  the  tran¬ 
sition  region.  Comparison  of  the  developing  processes 
between  the  single  phase  flow  and  two  phase  flow  are 
also  carried  out  in  this  paper. 

Experimental  facility 

Experimental  works  were  conducted  in  a  vertical 
tunnel  as  shown  in  Fig.l(a).  This  tunnel  is  divided  into 
two  independent  flow  paths  by  a  center  splitter  plate. 
A  perforated  plate  was  placed  in  the  upstreanj  of  the 
honeycomb  to  generate  the  required  pressure  drop  for 
one  of  the  flow  paths.  This  will,  in  turn,  residt  in  the 
desired  velocity  difference  of  the  two  flow  paths.  The 
contraction  ratio  of  the  tunnel  is  16:1  with  a  cross- 
section  area  of  15  cm  x  15  cm  at  the  test  section.  The 
free  stream  turbulence  levels  are  leas  than  0.5%  in  both 
the  low  speed  and  high  speed  streams.  The  coordinate 
as  shown  in  Fig.  1(a)  is  selected  such  that  the  transverse 
coordinate  Y  is  positive  toward  the  high  speed  stream 
and  the  streamwisc  coordinate  X  is  positive  from  the 
separation  point  toward  the  downstream.  The  poly- 
dispersed  drops  is  supplied  by  a  Sono-Tek  ultrasonic 
nozzle  located  at  95  cm  upstream  of  the  test  section  in 
the  high  speed  stream.  The  arrangement  of  the  ultra¬ 
sonic  atomizing  nozzle  system  in  the  settling  chamber 
is  shown  in  Fig.  1(b).  The  turbulence  gencratd  from  the 
drops  supply  system  is  relatively  low  because  the  flow 
velocity  in  the  settling  chaml>er  is  as  low  as  0.625  m/s. 
The  central  splitter  is  less  than  three  degrees  to  ensure 
a  parallel  flow  at  initial  condition.  The  trailing  edge  of 
the  splitter  plate  extends  16  cm  into  the  test  .section. 
Consequently,  the  drops  become  equilibrium  with  con¬ 
tinuous  phase  before  leaving  the  splitter  plate.  The 
atomizing  nozzle  was  operated  at  a  flow  rate  of  25.0 
ml/niin  svith  water.  Experiments  were  performed  tin¬ 


der  the  condition  that  the  high  speed  stream  velocity, 
Ui,  equals  to  10.0  m/s  and  the  low  speed  stream  veloc¬ 
ity,  Uj,  is  changed  to  achieve  the  r^uired  velocity  ra¬ 
tios.  The  velocity  ratio,  R  =  Af//2l/,  is  defined  as  the 
ratio  of  the  shear  velocity,  At^  =  Ui  -  Ih,  to  the  con¬ 
vection  velocity,  U  =  (Ui  ■HJj)/2.  The  sauter  mean  di¬ 
ameter  and  number  density  of  the  polydisperscd  drops 
under  this  condition  are  50  /im  and  1200  #/c.c,  respec¬ 
tively. 

The  two-component  phase  Doppler  particle  ana¬ 
lyzer  (Aerometric  model  PDP-3200)  was  used  to  mea¬ 
sure  the  velocity  distribution,  particle  size,  number 
density  and  volume  flux  of  the  polydisperscd  drops  in 
the  plane  mixing  layer.  The  local  averaged  quantities 
are  calculated  by  colleting  30,000  samples  for  every 
measurement  point.  The  detailed  description  of  the 
system  has  been  described  by  Bachnio  and  Houser(2]. 
To  distinguish  the  velocity  of  continuous  phase  from 
the  dispersed  phase  the  system  is  seeded  with  smoke 
particles  of  size  lc.ss  than  one  micrometer.  The  veloci¬ 
ties  of  both  phases  are  then  determined  by  the  statis¬ 
tical  calculations. 

Results  and  Discussion 

Results  under  a  velocity  ratio  of  0.64  is  described 
in  this  paper.  Figure  2  shows  the  initial  distributions 
of  the  number  density  and  sauter  mean  diameter  of  the 
polydisperscd  drops  measured  at  X  =  0  mm.  Those  at 
20  mm  are  also  illustrated  in  this  figure  as  a  compar¬ 
ison.  It  can  lx-  .seen  from  this  figure,  the  .sauter  mean 
diameter  is  quite  uniform  initially  at  X  =  0  mm.  More¬ 
over,  at  X  =  0  inm,  the  local  number  density  is  almost 
uniform  in  the  high  sjieed  stream  and  the  local  num¬ 
ber  density  near  the  wall  of  the  splitter  jilate  is  declined 
because  of  the  botindary  layer  effect.  Comparing  the 
variations  of  ntunber  density  and  sauter  mean  diam¬ 
eter  at  X  =  0  mm  and  20  mm  locations  (see  Fig. 2), 
it  seems  that  the  changes  of  the  immlter  density  and 
sauter  mean  diameter  are  not  significant  except  in  the 
shear  layer.  The  variation  of  the  number  density  distri¬ 
bution  in  the  shear  layer  indicates  the  particle  disper¬ 
sion.  As  shown  in  Fig.2,  the  particle  number  density 
in  the  shear  layer  at  X  =  20  nun  is  higher  than  that 
at  X  =  0  mm.  The  existence  of  particles  at  X  =  20 
mm  in  the  low  speed  stream  (i.e.,  Y  <  0  )  indicates  the 
particle  dispersion  from  the  higher  spee<l  stream.  How¬ 
ever,  the  size  of  the  drops  found  in  the  low  speed  side 
is  much  smaller  than  that  in  the  high  speed  side,  im¬ 
plying  that  the  dispersion  rate  of  the  smaller  particles 
is  higher  than  the  larger  ones  at  X  =  20  mm. 

In  an  effort  to  investigate  the  dynamics  of  the  two 
pha.se  flow,  measurements  of  the  aerodynamic  pro|)er- 
ties  of  the  gas  phase  and  the  dispersed  phase  are  carried 
out  in  this  paper.  The  aerodynamic  properties  pre¬ 
sented  in  this  paper  are  normalized  by  a  characteristic 
flow  velocity,  U|,  which  is  measured  in  the  high  speed 
stream  without  particle  loading,  i.e.,  under  the  single 
phase  flow  condition.  Figure  3(b)  depicts  the  evolu¬ 
tions  of  the  mean  streamwisc  velocities  of  each  phase 
from  X  =  0  mm  to  20  mm.  As  shown  in  this  figure, 
the  velocity  profiles  of  the  continuous  phase  without 
particle  loading  at  X  =  0  mm  fit  the  Blasius  profile 
quite  well  on  both  aides  of  the  splitter  plate.  However, 
the  velocity  profile  of  the  gas  phase  at  high  speed  side 
under  particles  loading  is  different  from  the  above  re¬ 
sult.  The  boundary  layer  thickness  of  the  gas  phase 
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under  particles  loading  is  thicker  than  that  of  the  sin¬ 
gle  phase  flow  due  to  the  momentum  transport  from 
the  dispersed  phase.  Analysis  shows  that  the  momen¬ 
tum  thickness  of  the  continuous  phase  in  the  high  speed 
side  increases  1.7  times  of  the  single  phase  flow  from 
0.50  mm  without  particle  loading  to  0.85  mm  under 
particles  loading.  Figure  3(a)  also  shows  that  the  ini¬ 
tial  velocity  of  the  single  phase  is  lower  than  that  of 
the  two  phase  flow  near  the  wall.  The  lower  velocity  of 
the  single  phase  flow  is  attributed  to  the  viscous  effect 
near  the  wall.  The  higher  velocity  of  the  two  phase 
flow  near  the  wall  may  include  the  momentum  trans¬ 
port  of  the  particle  (which  is  with  higher  inertia)  into 
the  boundary  layer. 

The  velocity  deficits  of  both  the  single  phase  and 
two  phase  flow  conditions  are  observed  at  X  =  5  mm 
station  (see  Fig.3(a)).  However,  at  X  =  20  mm,  the  ve¬ 
locity  deficit  occurs  only  under  single  phase  flow  condi¬ 
tion.  Results  show  that  the  streamwise  velocities  near 
the  centerline  region  under  the  two  phase  flow  condi¬ 
tion  are  higher  than  that  of  the  single  phase  case  in  the 
transition  region.  As  has  been  shown  in  Fig.2,  there  are 
significant  dispersion  of  particles  with  higher  momen¬ 
tum  from  the  high  speed  stream  into  the  low  speed 
gas  stream.  Therefore,  the  velocity  of  the  continuous 
phase  near  the  centerline  region  is  accelerated  by  these 
dispersing  drops.  This  explains  the  higher  velocity  of 
the  two  phase  flow  in  the  centerline  from  X  =  5  mm  to 
20  mm.  It  also  explains  the  earlier  completion  of  the 
wake  mode  under  two  phase  flow  condition. 

The  evolutions  of  streamwise  velocity  fluctuations 
of  each  phase  in  the  near  field  of  the  mixing  layer  are 
illustrated  in  Fig.3(b).  As  can  be  seen  from  this  fig¬ 
ure,  the  turbulence  intensities  of  the  two  phase  flow 
are  almost  the  same  as  that  of  the  single  phase  flow  in 
the  free  stream.  This  implies  that  the  flow  conditions 
in  the  free  stream  remain  the  same  under  the  parti¬ 
cles  loading.  However,  the  turbulence  levels  of  both 
the  gas  phase  and  dispersed  phase  in  the  two  phase 
flow  are  higher  than  that  of  the  single  phase  flow  in 
the  boundary  layer  at  X  =  0  mm.  The  higher  velocity 
fluctuations  near  the  wall  under  two  phase  flow  condi¬ 
tion  arc  due  to  the  momentum  transport  between  the 
two  phases.  It  also  can  he  seen  from  this  figure,  the 
initial  turbulence  fluctuations  of  the  single  phB.se  flow 
are  not  significant  at  X  =  0  mm  and  5  mm,  compar¬ 
ing  that  under  two  phase  flow  condition.  It  has  been 
known  that  the  mixing  layer  of  the  single  phase  flow 
gri>w  based  on  the  Kelvin- Helniholt!i:  instability  mech¬ 
anism  and  the  vortex  formation  and  merging  processes 
occur  in  the  downstream.  However,  these  phenonrena 
are  quite  different  in  the  two  phase  flow  condition.  The 
profiles  of  the  velocity  fluctuations  of  both  phases  in  the 
two  phase  flow  are  similar  from  X  =  5  mm  to  20  mm 
in  the  high  speed  side  (see  Fig.3(b)).  It  seems  that 
the  turbulence  intensities  of  the  two  phase  flow  does 
not  grow  at  the  high  speed  side.  On  the  other  hand, 
as  can  be  seen  from  this  figure,  the  intensities  of  the 
gas  phase  in  the  shear  layer  of  the  low  speed  stream 
increase  when  the  particles  entrain  into  the  low  speed 
side.  It  is  revealed  obviously  at  the  position  X  =  20  mm 
in  Fig.3(b),  the  dispersing  drops  from  the  high  speed 
side  enhance  the  gas  phase  at  the  low  speed  stream. 
This  also  indicates  that  the  dispersing  drops  from  the 
high  s|>eefl  side  transport  the  momentum  to  the  gas 
phase  in  the  low  speed  side.  It  also  shown  that  the  dis¬ 


tributions  of  the  peak  intensities  under  the  two  phase 

flow  condition  at  X  =  20  mm  are  deviated  toward  the 

low  speed  side. 
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Fig.l  Experimental  facility 

(a)  schematic  of  the  two  phase  mixing  layer 
tunnel 

(b)  arrangement  of  ultrasonic  atomizing  noz¬ 
zle  system 
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Fig.3  Distributions  ot  number  density  and  tauter 
mean  diameter  of  the  poiyditpersed  drops  at 
X  :=  0  and  30  mm 


Fig.3  Streamwise  velocity  distributions  of  each  phase 
in  the  transition  region  of  the  mixing  layer 

(a)  mean  velocity 

(b)  veloccity  fluctuation 
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INTRODUCTION 

Two-phase  turbulent  phenomena  are  fundamen¬ 
tal  importance  in  many  flow  systems  of  engineering 
practices.  Applications  in  which  two-phase  turbulent 
jets  occur  include  liquid-fuel  combustors,  pulverized- 
coal  combustors,  solid  rocket  notzle,  exhaust  plumes, 
aerosols,  etc.  Strong  couplings  between  the  contin¬ 
uous  and  dispersed  phases  are  the  primary  charac¬ 
teristics  of  these  flows.  It  has  been  shown  fl|  that 
the  inclusion  of  particles  (  or  droplets  )  in  turbu¬ 
lent  flows  might  signiflcatly  change  the  turbulence 
structure.  However,  due  to  current  progress  in  laser 
optical  diagnostics,  considerable  experimental  efforts 
have  provided  available  data  base  of  two-phase  flows 
for  evaluating  the  modeling  analysis  and  have  con¬ 
sequently  led  to  the  development  of  new  theoretical 
methods  in  analyzing  two-phase  turbulent  flows. 

There  are  two  fundamentally  different  methods 
generally  used  to  predict  the  dispersed  properties  in 
two-phase  flows  |2|.  One  which  is  termed  as  the  La- 
grangian  or  tracking  approach  treats  the  particles  as 
discrete  entities  in  a  flow  Held  and  the  dispersed  phase 
properties  are  calculated  by  using  the  Monte  Caro 
procedure.  The  effect  of  particles  on  fluid  is  accounted 
for  by  estimating  the  particle  source  terms  for  each 
computational  cell  visited  by  the  particles  and  by  a  re¬ 
calculation  of  the  flow  Reid  incorporating  these  source 
terms.  The  other  method  is  termed  as  the  Eulerian 
approach  or  two-fluid  model.  In  this  method,  the 
cloud  of  particles  is  regarded  as  a  continuum  and  the 
resulting,  governing  equations  in  partial  differential 
form  are  simultaneously  solved  for  both  continuous 
and  disposed  phases.  The  interactions  between  phases 
are  incorporated  with  extra  source  terms  appeared  in 
the  governing  equations  for  both  phases. 

Durst  |3|  examined  these  two  different  methods 
and  showed  that  the  Lagrangian  approach  has  advan¬ 
tage  in  predicting  the  two-phase  turbulent  flows  which 
are  consisted  of  polydispersed  particle  size  distribu¬ 
tion,  while  the  Eulerian  approach  is  numerically  less 
expensive  and  has  advantage  for  the  two-phase  flows 
associated  with  relatively  high  particle  number  den¬ 
sity.  Adeniji-Fkshola  and  Chen  |4|  also  came  to  similar 
conclusion. 


It  seems  that  all  predictions  for  particle-laden 
jets,  regardless  of  Lagrangian  approaches  |5-8|  or  Eu¬ 
lerian  approaches  |9-U],  adopt  the  boundary  layer 
approximation  to  simplify  mathematical  formulism; 
the  governing  equations,  thus,  become  parabolic  type. 
Nevertheless,  some  experimental  observations  |5,  12, 
13|  revealed  that  the  axial  pressure  gradients  and  lo¬ 
cal  recirculation  zones  were  very  likely  to  be  present 
in  the  flow  fields.  In  addition,  Soloman  |14|  showed 
that  at  the  downstream  distance  of  50  diameters  of 
spray  injector  in  a  spray,  the  ratio  of  radial  velocity 
component  to  axial  velocity  component  for  the  dis¬ 
persed  phase  along  the  spray  boundary  is  about  0.7. 
In  contrast,  the  employment  of  boundary  layer  ap¬ 
proximation  requires  the  condition  that  this  velocity 
ratio  should  be  in  the  same  order  of  1/ffe  which  is 
much  smaller  (  by  a  factor  of  10“®  )  than  the  ratio 
of  droplet  velocity  components.  These  experimental 
observations  imply  that  the  boundary  layer  approxi¬ 
mation  may  be  inappropriate  and  the  governing  equa¬ 
tions  are  elliptic  type  in  near-inlet  regions. 

In  this  work,  a  combined  elliptic-parabolic  solu¬ 
tion  procedure  is  used  for  analysis  of  particle-laden 
jets.  In  the  upstream  region  where  the  presumption 
of  boundary  layer  approximation  is  invalid,  the  prob¬ 
lem  is  solved  by  using  the  elliptic-type  governing  equa¬ 
tions;  the  remaining  regions  are,  next,  solved  by  the 
mathematically  simplified  parabolic-type  ones. 

EXAMINED  PROBLEM 

The  experiment  of  particle-laden  jet  conducted 
by  Shuen  et  al.  |5|,  which  has  been  often  selected  as 
a  comparison  basis  of  model  predictions  (5,6,15, 16|,  is 
considered  as  the  first  test  case.  The  injector  is  an  ax- 
isymmetrical  tube  with  the  diameter  (D)  of  10.9  nvm 
from  which  the  particle-laden  jet  directed  vertically 
downward.  Sand  particles  of  79  pm  nearly  uniform 
size  and  material  density  of  2,650  kgjm^  were  intro¬ 
duced  into  the  jet  tube.  The  centerline  velocities  for 
gas  (tt',)  and  particles  (u”,)  measured  at  z/£>  -  1  are 
26.1  and  24.1  m/a  ,  respectively.  Since  this  particle¬ 
laden  jet  is  of  dilute  cases  (the  mass  loading  ratio  is 
0.2  or  the  particle  volume  fraction  is  9x  10“*),  the  La¬ 
grangian  approach  is  employed  to  treat  the  dispersed 
phase  in  this  work. 
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Turbulent  jet  flow  field  is  determined  by  the  k-e 
model  with  the  modification  of  Jones  and  Launder  ( 1 7j 
in  which  th  Cf,  and  Cj  are  expressed  by 


=  0.09  -  0.04  /  (1) 

C,  =  1.92  -  0.0667  /  (2) 


Ufc  denotes  the  centerline  velocity  for  the  continuous 
phase  and  ft  is  the  local  Jet  width.  The  Lagrangian 
approach  adopts  the  stochastic  seperated  flow  (SSF) 
formulation  and  follows  after  those  outlined  by  Refs. 
5  and  18.  The  effect  of  turbulence  modulation  is 
modelled  by  that  developed  by  Chen  and  Wood  (10|. 
The  numerical  scheme  adopted  for  the  Lagrangian  ap¬ 
proach  follows  the  PSl-Cell  method  (19|.  To  obtain  a 
statistically  stationary  solution,  3000  representative 
particle  groups  are  employed  in  this  work  in  contrast 
to  2000  particle  groups  of  Shuen  et  al.  (S|  and  1500 
particle  groups  of  Adeniji-Fashola  and  Chen  (4|. 

RESULTS  AND  DISUCSSION 

The  predictions  using  the  combined  elliptic- 
parabolic  solution  procedure  are  compared  with  those 
using  the  conventional  parabolic  solution  procedure 
for  jet  flows.  Determination  of  jet  length  in  the  near¬ 
inlet  region  required  for  the  elliptic  solution  proce¬ 
dure  has  been  made  by  running  with  different  lengths 
of  the  computational  domain.  Comparison  results  re¬ 
veal  that  the  flow  becomes  parabolic,  i.e.  d«/dz  =  0, 
when  the  length  reaches  15  D.  Thus,  for  the  combined 
elliptic-parabolic  solution  procedure,  the  flow  in  the 
upstream  domain  (length  of  15  D)  is  solved  with  the 
elliptic-type  equations.  The  predicted  profiles  of  two- 
phase  flow  properties  at  the  outlet  of  the  front  domain 
are  used  as  the  inlet  boundary  conditions  required  for 
the  parabolic-type  computation  in  the  rear  domain 
of  the  particle-laden  jet.  Note  that,  due  to  lack  of 
the  measured  radial  velocity  components  at  the  inlet 
{x/D  =  1)  for  both  phases  in  the  experiment  of  Shuen 
et  al.  (5|,  the  uniform  profiles  of  zero  radial  veloc¬ 
ity  components  are  assumed  to  be  the  required  inlet 
boundary  conditions  at  the  axial  station  of  x/D  -  1 
for  computation. 

Figure  1  compares  both  predicted  centerline  ax¬ 
ial  velocities  using  the  combined  elliptic-parabolic  and 
conventional  parabolic  solution  procedures  with  the 
measurements  for  both  phases.  The  use  of  the  com¬ 
bined  elliptic-parabolic  solution  procedure  improves 
the  prediction  accuracy  in  the  upstream  regions  for 
the  continuous  phase  (see  Fig.  la)  where  the  bound¬ 
ary  layer  approximation  does  not  work  successfully 
as  we  anticipated,  whereas  results  in  much  overpre- 
dictions  in  the  downstream  regions.  Figure  2  com¬ 
pares  both  predicted  sectional  profiles  of  axial  ve¬ 
locity  for  the  continuous  phase  using  the  combined 
elliptic-parabolic  and  conventional  parabolic  solution 
procedures  with  the  measurements  at  two  axial  sta¬ 
tions.  Since  both  axial  stations  of  x/D  =  20  and  40 
are  outside  of  the  region  of  the  elliptic-type  flow  field 
[x/D  =  15),  those  two  different  solution  procedures 
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Fig.  1  Comparison  of  axial  variations  of  centerline 
axial  velocity  for  (a)  continuous  phase  and 
(b)  dispersed  phase. 
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Fig.  2  Comparison  of  radial  profiles  of  axial  veloc¬ 
ity  for  continous  phase  at  two  axial  stations 
of  x/D  —  (a)  20  and  (b)  40. 

yield  minor  differences  of  predictions.  As  a  summary, 
the  use  of  combined  elliptic-parabolic  solution  proce¬ 
dure  does  improve  predictions  of  the  continuous  phase 
in  the  very  upstream  region,  but  does  not  cause  much 
prediction  differences  from  those  obtained  with  the 
conventional  parabolic  solution  procedure  in  the  other 
flow  regions. 
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Figure  3  comparee  both  predicted  eectional  pro- 
Rlea  of  axial  velocoity  for  the  dispersed  phase  using  the 
combined  elliptic-parabolic  and  conventional  parabolic 
solution  procedures  at  two  axial  stations.  Note  that 
the  zig-sag  profiles  are  stemmed  from  insufficient  num¬ 
ber  of  computational  particles  (3000  particle  groups 
in  this  work)  to  obtain  smooth  profiles  by  using  the 
SSF  model.  Adeniji-Fashola  and  Chen  (4|  made  a 
similar  inference  too.  Both  predictions  are  in  good 
agreement  with  the  measurement  in  comparison  with 
the  results  of  Berlemont  et  al.  |8j  as  well  as  Milo- 
jevic  and  Durst  |16|.  However,  the  combined  elliptic- 
parabolic  solution  procedure  lead  to  a  smaller  particle 
spreading  rate  than  the  conventional  parabolic  one. 
In  other  words,  the  particles  are  all  confined  in  the 
central  core  of  the  particle-laden  jet.  This  is  because 
these  two  different  solution  procedures  yield  different 
predictions  of  entrainment  rates.  Figure  4  compares 
two  predicted  sectional  profiles  of  radial  velocity  for 
the  continuous  phase  by  using  the  combined  elliptic- 
parabolic  and  conventional  parabolic  solution  proce¬ 
dures  at  two  axial  stations.  Clearly,  the  entrainment 
rates  predicted  with  the  combined  elliptic-parabolic 
solution  procedure  are  greater  than  those  predicted 
with  the  conventional  parabolic  one.  Moreover,  the 
differences  of  the  predicted  entrainment  rates  between 
these  two  solution  procedures  become  greater  in  the 
more  upstream  regions  (cf.  Figs.  4%  and  4b).  Al¬ 
though  the  predicted  values  of  radial  velocity  arc  two 
orders  of  magnitude  smaller  than  those  of  axial  ve¬ 
locity  for  the  continuous  phase,  their  influences  on 
the  particle  spreading  rate  are  significant  as  shown 
in  Fig.  3.  This  implies  that  the  boundary  layer  ap¬ 
proximation,  which  has  been  conventionally  adopted 


for  the  computations  of  particle-laden  Jets,  may  pro¬ 
duce  some  errors  in  predictions  of  dispersed  phase. 
Furthermore,  the  initial  profiles  of  radial  velocity  for 
both  continuous  and  dispersed  phases  are  needed  to  be 
specified  for  computation  no  matter  how  small  their 
values  are  in  comparison  with  those  of  axiai  velocity. 

Another  cases  associated  with  polydispersed  size 
effect  and  measured  with  more  reliable  diagnostics  will 
be  tested  further  in  this  work. 
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Fig.  3  Comparison  of  radial  profiles  of  axial  veloc¬ 
ity  for  dispersed  phase  at  two  axial  stations 
of  xfD  =  (a)  20  and  (b)  40. 
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Fig.  4  Comparison  of  radial  profiles  of  radial  veloc¬ 
ity  for  continuous  phase  at  two  axial  stations 
of  ifD  =  (a)  20  and  (b)  40. 


ni-121 


6.  Tsuji,  Y.,  Morikswa,  Y.,  Tanaka,  T.  and  Karim- 
inc,  K.,  'Measurement  of  an  Axisynunetric  Jet 
leaden  with  Coarse  Particles,”  Int.  J.  Multiphase 
Flow,  Vol.  14,  pp.  565-574  (1988). 

7.  Mostafa,  A. A.,  Mongia,  H.C.,  McDonell,  V.G. 
and  Samueben,  G.S.,  'Evolution  of  Particle-Laden 
Jet  Flows:  a  Theoretical  and  Experimental  Study,” 
AIAA  J.,  Vol.  27,  pp.  167-183  (1989). 

8.  Berlemont,  A.,  Desjonqueres,  P.  and  Gouesbet, 
G.,  “Particle  Lagrangian  Simulation  in  Turbulent 
Flows,”  Int.  J.  Multiphase  Flow,  Vol.  16,  pp.  19- 
34  (1990). 

9.  Elghobashi,  S.,  Abou-Arab,  T.,  Risk  and  Mostafa, 
A.,  “Prediction  of  the  Particle  Laden  Jets  with  a 
Two-Equation  Turbulence  Model,”  Int.  J.  Mul¬ 
tiphase  Flow,  Vol.  10,  pp.  697-710  (1984). 

10.  Chen,  C.P.  and  Wood,  P.E.,  “Turbulence  Closure 
Modeling  of  the  Dilute  Gas-Particle  Axisymmet- 
ric  Jet,”  AIChE  J.,  Vol.  23,  pp.  163-166  (1986). 

11.  Picart,  A.  Berlemont,  A.  and  Gouesbet,  G.,  “Mod¬ 
eling  and  Predicting  Turbulence  Fields  and  the 
Dispersion  of  Discrete  Particles  Transported  by 
Turbulent  Flows,”  Int.  J.  Multiphase  Flow,  Vol. 
12,  pp.  237-261  (1986). 

12.  Modarress,  D.  and  Wuerer,  J.,  “An  Experimen¬ 
tal  Study  of  a  Turbulent  Round  Two-Phase  Jet,” 
AIAA  paper  82-0946  (1982). 


13.  Modarress,  D.  and  Tan,  H.,  “Two-Component 
LDA  Measurement  in  a  Two-Phase  Turbulent  Jet," 
AIAA  paper  83-0052  (1983). 

14.  Solomon,  A.S.P.,  “A  Theoretical  and  Experimen¬ 
tal  Investigation  of  Turbulent  Sprays,”  Ph.  D 
Thesis,  The  Pennsylvania  State  University,  1984. 

15.  Mostafa,  A.A.  and  Mongia,  H.C.,  “On  the 
Turbulence- Particles  Interaction  in  Turbulent  Two- 
Phase  Flows,”  AIAA  paper  86-0215  (1986). 

16.  Milojevic,  D.  and  Durst,  F.,  “Lagrangian  Mod¬ 
eling  of  Gas-Particle  Jet  Flows  and  Comparison 
with  Existing  Experimental  Data,”  Proceedings 
of  Int.  Conf.  on  Mechanics  of  Two-Phase  Flows, 
pp.  145-151,  Taipei,  Taiwan,  1989. 

17.  Jones,  W.P.  and  Launder,  B.E.,  “The  Predic¬ 
tion  of  Laminarisation  with  Two-Equation  Tur¬ 
bulence  Model,”  Int.  J.  Heat  Mass  Transfer,  Vol. 
15,  pp.  301-314  (1972). 

18.  Gosman,  A.D.  and  loannides,  E.,  “Aspects  of 
Computer  Simulation  of  Liquid  Fueled  Combus¬ 
tors,”  AIAA  paper  81-0323  (1981). 

19.  Crowe,  C.T.,  Sharma,  M.P.  and  Stock,  D.E.,  “The 
Particle-Source-In  Cell  Model  for  Gas-Droplet 
Flows,”  J.  Fluid  Engng.,  Vol.  99,  pp.  325-332 
(1977). 


n-t22 


lUTAM  Symposium  on 
AtrothtTmodY^amica  in  Combustort 
June  3-S,  1991,  Taipei 


Study  on  Dynamic  Characteristics  of  a  Hollow  Cone  Spray  Jet 


M.  R.  Wangt  and  C.  H.  Hongt 


Institute  of  Aeronautics  and  Astronautics 
National  Cheng-Kung  University 
Tainan,  Taiwan,  70101,  R.  O.  C. 


Abstract 

Detailed  measurements  of  the  initial  condition  of 
a  hollow  cone  fuel  spray  jet  and  the  physics  involved  in 
the  phase  interaction  are  decribed.  A  two-component 
phase  Doppler  particle  analyzer  is  emplc^ed  to  measure 
the  required  data  at  Z/D  =  20  Results  show  that  the 
both  phases  are  almost  in  equilibrium  in  the  central 
region  of  the  spray,  but  are  quite  different  in  the  outer 
region.  The  ambient  air  is  entrained  into  the  spray 
by  the  momentum  transported  from  the  fast  moving 
droplets.  The  negative  radial  velocity  of  the  entrained 
air  is  turned  to  positive  in  the  spray  sheet  indicating 
a  complicated  flow  structure  in  the  spray  jet.  In  the 
central  region  there  is  a  weak  swirl  that  withdraws  the 
gas  phase  to  the  centerline  and  results  in  the  maximum 
axial  velocity  of  the  both  phases.  The  distribution  of 
sauter  mean  diameter  ,number  density  and  volume  flux 
of  the  spray  jet  can  be  related  to  the  disintegration 
phenomenon  of  liquid  sheet. 

Introduction 

The  numerical  simulation  on  spray  combustion  re¬ 
quires  a  complete  data  set  of  the  continuous  phasefi.e., 
the  gas  phase)  and  the  dispersed  phase  (i.e.,  the  spray 
phase)  for  evaluating  the  computational  models.  The 
data  .set  includes  both  the  droplet  size  and  aerody¬ 
namic  quantities  of  the  dispersed  and  continuous  phases. 
Moreover,  the  number  density  and  volume  flux  of  the 
spray  flow  are  also  very  important  in  the  validation 
of  numerical  modelling.  Although  many  experimental 
investigations  have  been  conducted,  only  few  have  pro¬ 
vided  sufficient  data  for  testing  and  guiding  the  numer¬ 
ical  modelling(l,2|.  Recently,  the  development  of  phase 
Doppler  velocimetry  technique|3],  an  extension  of  the 
laser  Doppler  velocimetry,  provides  a  powerful  tool  to 
measure  the  above  quantities  simultaneously.  For  ex¬ 
ample,  Samuelsen  et  al.|4|  and  Eklwards[5|  utilized  the 
phase  Doppler  particle  analyzer(PDPA)  to  measure 
the  data  base  of  a  particle-laden  coaxial  jet  and  a 
research  simplex  atomizer(RSA),  respectively.  Their 
data  sets  were  employed  to  develop  the  numericed  code. 
However,  the  complete  data  set  including  the  distribu¬ 
tion  of  turbulent  kinetic  energy,  the  Reynolds  stress 
and  the  velocity  gradient  are  less  explored  in  the  liter- 
t  Associated  professor 
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ature.  Hence,  a  detailed  measurement  on  the  spray  jet 
issued  from  a  hollow  cone  fuel  nozzle  is  carried  out  in 
this  program  in  order  to  describe  its  dynamic  charac¬ 
teristics  and  provide  the  bench  mark  data  for  numerical 
modelling. 

Study  on  the  interactions  between  the  continuous 
and  dispersed  phases  is  an  important  issue  to  describe 
the  dynamic  behavior  of  the  droplets  in  the  spray  jet. 
This  involes  the  difficulties  to  distinguish  the  veloc¬ 
ity  components  of  both  the  continuous  and  dispersed 
phases.  This  problem  becomes  more  complicated  in  a 
free  spray  jet  since  the  interactions  between  the  two 
phases,  normally  resulted  from  the  mass  entrainment 
of  the  ambient  air  into  the  spray  jet.  Observations  of 
the  air  entrainment  have  been  undertaken  by  Dinark 
et  al.[6)  and  Benatt  et  al.[7l.  They  found  that  the  sur¬ 
rounding  air  is  set  into  motion  due  to  the  momentum 
transfered  from  the  spray  jet  by  seeding  smoke  parti¬ 
cles  from  outside  of  the  spray  sheet.  The  air  enters 
the  spray  envelope  nearly  perpendicular  to  the  droplet 
trajectories.  This,  in  turn,  results  in  the  droplet  trajec¬ 
tories  to  deviate  from  the  spray  cone  and  bend  toward 
the  flow  axis.  In  an  effort  to  describe  the  velocity  dis¬ 
tribution  of  the  continuous  phase,  Gluckert[8]  theoret¬ 
ically  studied  the  variation  of  the  centerline  velocity  of 
the  gas  pha,se  in  a  spray  jet.  He  found  the  gas  velocity 
distribution  in  the  spray  is  similar  to  that  of  a  turbu¬ 
lent  jet.  Dombrowski  et  al.(9)  further  studied  the  gas 
phase  velocity  in  a  spray  jet  by  using  photography  tech¬ 
nique.  They  found  that  the  aerodynamic  pro|)erties  of 
the  gaseous  phase  can  be  described  by  the  Prandtl's 
mixing  length  theory. 

Since  the  velocity  of  the  gas  phase  depends  on  the 
phase  interaction,  its  velocity  distribution  is  normally 
more  complicated  than  that  of  the  single  phase  jet.  Re¬ 
cently,  Bachalo  et  al.(10]  used  the  PDPA  to  measure 
the  spray  behavior  produced  by  a  pressure  atomizer. 
They  found  a  recirculation  region  in  the  central  portion 
of  the  spray  cone  near  the  nozzle  exit.  Fbr  the  hollow 
cone  spray  atomizer,  the  spray  is  usually  produced  by 
a  small  swirler  existed  in  the  nozzle.  The  swirling  ef¬ 
fect  of  the  spray  will  become  complicated  in  the  phase 
interaction.  Mao  et  al.(ll|,  McDonell  et  al.|12|  and 
MeVey  et  al.(13|  measured  the  air  assist  atomizers  by 
laser  anemometer  or  PDPA  and  found  the  swirling  jet 
air  field  with  solid  body  rotation  in  the  core  and  free 
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vortpx  flow  in  the  outer  region  of  the  spray. 

Tue  liquid  medium  injected  from  the  nozzle  will 
form  a  conical  liquid  sheets.  Hence,  the  breaktip  phe¬ 
nomenon  of  the  spray  sheet  will  be  similar  to  the  disin¬ 
tegration  of  the  liquid  sheet.  Mansour  et  al(14]  inves¬ 
tigated  the  liquid  sheet  disintegration  mechanism  and 
found  that  there  are  large,  ordered,  and  small,  chaotic 
"cell”  strirtures  in  the  end  of  liquid  sheet.  The  targe, 
ordered  cells  will  become  large  ligaments  which  arc  the 
origin  of  the  large  in  the  spray.  The  small,  chaotic  cells 
will  become  small  membranes  which  contribute  to  the 
formation  of  the  smaller  droplets.  In  the  study  of  the 
liquid  sheet  instability  by  Crapper  et  at. [15],  the  small 
droplets  are  shattered  away  from  the  liquid  sheet,  but 
the  large  droplets  will  keep  the  original  trajectory  of 
the  liquid  sheet.  McDonell[16|  measured  a  RSA  noz¬ 
zle  and  found  that  the  small  droplets  are  shed  off  both 
sides  of  the  spray  sheet  as  it  breaks  up,  and  the  largest 
droplets  remain  near  the  original  location  of  the  spray 
sheet. 

Experimental  Setup  and  Diagnostics 

Figtite  1  shows  the  schematic  of  the  experimental 
setup  rised  in  this  program.  It  was  designed  to  charac¬ 
terize  a  wide  variety  of  two-phase  flow  under  isothermal 
conrlition.s.  The  facility  consists  of  a  test  stand,  the  air 
and  fuel  supply  system.  The  test  stand  is  composed  of 
an  optical  table,  a  fuel  collection  tank,  an  exhausted 
system  and  a  3-axis  traversing  mechanism.  The  opti¬ 
cal  table  is  designed  with  an  80x80  cm  square  cutout 
for  the  installation  of  a  two-component  phase  Doppler 
particle  analyzer.  The  spray  nozzle  is  mounted  on  the 
3- axis  traversitig  system  and  the  positoin  is  controlled 
by  a  PC/XT.  The  exhausted  system  provides  a  uniform 
curtain  flow  of  the  surrounding  air  in  the  test  section, 
i.e.  Uoo  =  0.18  tn/s,  to  avoid  the  flow  reversal. 

The  spray  nozzle  used  in  this  test  program  is  a 
Monarch  model  F80  #1.35  hollow  cone  pressure  atom¬ 
izer.  The  orifice  diameter  of  the  nozzle  is  0.64  mni  and 
the  spray  angle  is  80’.  The  working  liquid  fluid  used 
is  water  with  a  flow  rate  of  1.19  g/s  at  the  injection 
[»res.sure  of  120  p.«;.  A  two-component  phase  Doppler 
system  is  uscfl  to  measure  the  flow  field  for  both  pha.ses. 
The  instrument  can  measure  size  and  two  orthogonal 
compfuieiits  of  velocity  for  individual  particle  simulta¬ 
neously.  Measurement  of  the  gas  phase  by  the  laser 
Doppler  velociinetry  needs  to  seed  aerosol  particles  in 
the  flow.  The  seeding  particles  employed  to  trace  the 
gas  (ihnse  are  provided  by  a  smoke  generator  with  the 
particle  size  smaller  than  2  /im.  The  effective  samples 
of  statical  calculation  for  the  dispersed  phase  velocities 
are  over  30,000  and  those  for  the  gas  phase  are  over 
2,000.  The  error  of  velocity  measurement  is  less  than  3 
%  and  that  of  particle  size  is  5  %.  The  measurements 
are  carried  out  at  the  axial  position  of  Z/D  =  20.  The 
coordinate  is  cliosen  that  the  negative  radial  velocity 
indicatr’s  the  inward  motion  of  the  flow.  Three  velocity 
roiii|X)nent.s  of  the  both  phases  have  been  measured  by 
turning  the  spray  nozzle  90°. 

Results  nnd  Discussion 

The  three  velocity  components  of  the  both  phases 
are  shown  in  Fig.2.  The  axial  and  radial  velocity  distri- 
butions(  see  Figs.2  (a)  and  (b))  of  the  spray  phase  rep¬ 
resenting  the  typical  characteristics  of  the  hollow  cone 


spray  atomizer.  The  azimuthal  velocity  of  the  spray 
is  much  smaller  than  the  other  two  components.  The 
velocities  of  the  both  phases  are  almost  equal  in  the 
central  region,  implying  the  equilibrium  of  the  both 
phases  in  this  region.  However,  the  velocities  of  the 
both  phases  in  the  outer  region  are  quit  different.  The 
momentum  transferetl  from  the  dispersed  phase  results 
in  an  entrainment  of  the  ambient  air  flow.  The  en¬ 
training  air  is  accelerated  in  negative  radial  direction, 
i.e.  the  inward  motion.  However,  the  radial  velocity  of 
the  gas  phase  in  the  spray  sheet  increa.ses  significantly 
because  of  the  high  radial  momentum  transfered  from 
the  di.spersed  phase.  In  the  central  region  of  the  spray 
jet,  there  is  a  weak  swirl  in  the  spray  that  is  inher¬ 
ited  from  the  swirling  effect  in  the  spray  nozzle.  In  the 
vortex  the  air  is  withdrawn  from  surrounding,  so  the 
radial  velocity  of  the  gas  phase  is  negative  and  the  ax¬ 
ial  velocity  becomes  maximum  in  the  center.  The  axial 
velocity  of  the  gas  phase  presented  a  hyperbolic  profile, 
similar  to  that  of  the  single  phase  jet  flow.  However, 
the  aerorlynamics  involved  in  the  two-phase  jet  is  much 
complicated  as  shown  in  the  radial  and  azimuthal  ve¬ 
locity  distributions!  see  Figs.2  (b)  and  (c)). 

Figure  3.  shows  the  Sauter  mean  dianieter(SMD), 
the  number  density  and  voliune  flux  of  the  hollow  cone 
spray  As  illustrated  in  Figs.3  (a)  and  (c),  the  peak  val¬ 
ues  of  SMD  and  volume  flux  are  located  at  the  spray 
rone.  However,  the  peak  value  of  the  munher  density 
is  located  in  the  central  region.  These  are  the  typical 
cliaracteristics  of  the  hollow  cone  spray.  Most  of  the 
small  droplets  are  produced  in  the  both  sides  of  the 
spray  sheet,  but  most  of  the  large  droplets  produced 
by  the  spray  sheet  will  keep  the  same  trajr’ctory  as  the 
spray  sheet.  The  small  droplets  in  the  inner  sirle  of 
the  spray  sheet  will  move  into  the  central  region  of  the 
spray.  However,  the  small  tlroplets  in  the  outer  side  of 
the  spray  sheet  are  convected  by  the  inward  motion  of 
the  entrained  air  to  the  spray  sheet.  Hence  the  small¬ 
est  SMD  is  located  in  the  central  region  and  the  largest 
SMD  is  located  at  the  spray  rone.  Moreover,  the  SMD 
in  the  outer  region  of  the  spray  is  a  little  smaller  than 
that  in  tl  ■  spray  rone.  Since  the  physical  volume  is 
small  in  the  central  region,  the  nmnber  density  will 
become  large  in  the  central  region.  And  the  number 
density  decreases  nionotonirally  toward  the  outer  re¬ 
gion  because  of  inrrea.se  of  the  physical  vohune.  How¬ 
ever,  the  volume  flux  is  attributed  to  the  large  droplets, 
hence  the  peak  value  of  the  vohune  flux  is  in  the  spray 
cone. 

Figure  4.  illustrates  the  turbident  kinetic  energy 
distribution  of  the  gas  phase.  It  is  interesting  to  note 
that  the  peak  kinetic  energy  is  in  the  centerline  of  the 
spray  jet.  It  is  different  from  that  of  a  turbulent  free 
jet,  in  which  the  peak  kinetic  energy  is  in  the  shear 
layer  region.  Moreover,  there  is  another  peak  value  in 
the  spray  sheet  indicating  the  shear  layer  region  of  the 
spray  jet.  This  region  is  also  located  at  the  position  of 
the  maximum  axial  momentum  of  the  flispersed  phase, 
implying  the  maximum  momentum  tranfered  from  the 
disper.sed  pha.se. 
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Figure  1.  Schematic  of  the  experimental  setup 


o  :  spray 

Uz  (m/s)  •  :  gas  phase 


(a) 


(b) 


Figure  2.  The  velocity  characteristics  of  the  both  phases 
at  Z/D=20. 

(a)  the  axial  velocity 

(b)  the  radial  velocity 

(c)  the  azimuthal  velocity 
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Figur«»  3.  Charncteristics  of  the  spray  jet  at  Z/D=20 

(a)  saiiter  mean  diameter 

(b)  number  density 
(r)  vulimie  flux 
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Figtire  4.  The  turbulent  kinetic  energy  distribution  of 
the  gas  phase  at  Z/D=20 
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ABSTRACT 

Increasing  theoretical  findings'”  and  experimen¬ 
tal  evidence*''”'*  attest  to  the  widely  held  belief  that 
the  short-range  collective  interaction’”®'"”*®  among 
the  neighboring  droplets  and  the  long-range  interaction 
!,7,9,io  jjjg  droplets  at  a  distance,  on  a  hydrody¬ 
namic  scale,  have  profound  impact  on  the  state  of  a 
droplet.  These  collective  interactions  serve  to  control 
the  pcrcolative  passage  for  dispersing  mass,  momen¬ 
tum  energy  fluxes  and  the  effective  interfacial  area  for 
the  property  exchange  processes.  These  interactions 
result  in  the  collective  thermal  quenching,  the  accu¬ 
mulation  of  vaporizing  species  and  the  tendency  for 
stagnating  the  microscale  local  Stefan  flow  and  mean 
flow  through  dynamic  equilibration  between  the  two 
phases.  The  objectives  of  this  paper  are  to  present  the 
'msic  concepts,  theoretical  approaches  and  the  results 
of  Renormalized  Droplet  (RND)  theory  to  establish  va¬ 
porization  laws  for  droplets  in  a  stationary  collisionless 
non-dilute  cloud  environment. 

The  present  analysis  follows  the  theoretical  proce¬ 
dure  and  assumptions  adopted  in  many  modern  theo¬ 
ries  of  droplet  and  a  could  of  droplets.  All  the  droplets 
are  spherically  shaped  and  repiain  stationary  relative 
to  the  gas.  The  Lewis  number  of  the  gas  mixture  is 
unity.  The  droplet  vaporization  process  is  quasi-  steady 
and  the  surface  regression  rate  is  small.  The  trans¬ 
port  properties  are  assumed  to  be  constant.  Note  that 
the  product  of  the  gas  phase  density  and  dilTusivity 
is  assumed  to  be  constant.  Furthermore  the  droplet 
collision  and  distentegration  are  ignored.  Finally,  the 
droplet  cloud  is  assumed  to  be  stationary  relative  to 
the  gas. 


where  rj  =  r/r|(0),  p  and  v  are  non-dimensionaiized 
by  the  gas  density,  and  velcity  on  the  droplet  surface, 
respectively,  Gs  =  4xnrj|,,  g  is  c  nc.i  distribution  func¬ 
tion,  ft  is  the  vaporization  shape  factor  defined  by  (12), 
are  the  fluxes  of  various  properties;  mass  for  l=m, 
fuel  vapor  for  i=F  and  thermal  energy  for  i=T,  and  A 
refers  to  the  properties  pertaining  to  an  outer  region. 
The  definitions  of  properties  a,  and  constants  fl,  are 
summarized  in  Table  1. 

Table  1 

Schvab-Zeldovichs  Variables  and  Constants 


t 

L  . 

tl. 

F 

(i/f/W/i/f) 

(-Vf/IVfuf) 

er=  -(HVi'f)-' 

T 

si  CrdTIq 

fl  CpfdT/q 

IF  =  L/y 

where  y  is  a  mass  fraction,  fV  is  a  moleculiir  weight, 
t>  is  a  stoichiometric  coefficient,  Cp  is  a  specific  heat,  L 
is  the  latent  heat  of  vaporization  (per  unit  mass)  of  the 
fuel  at  the  boiling  temperature,  q  is  the  heat  of  eom- 
biistion.  The  solutions  of  Eqns  (!)  to  (4)  are  obtained 
and  the  characteristic  vaporization  rate  “renormalized 
vaporization  law”  is  derived  as  follows. 

m(o)  ^  AnpDr,{o)C„ln^\  f  (5) 

rh(o) 47rpDrr(o)C„/nfl -t  )  (6) 

V  art-tr  ) 

where  C„  is  the  vaporization  correction  factor  calcu¬ 
lated  as  follows 


Non-dimensional  equations  governing  RND  are  for- 

f 

mulated  separately  for  the  inner  DIB  region  and 
external  droplet  cloud,  respectively,  as  follows. 

an 

c„  -  < 

^  1  1  G, 

(1) 

»'i(f)  +  mv,(o 

and 

where 

”5  ^  =  G,gft§i  ricn<V<  m. 

(2) 

B  = 

|{-»V.(7..) 

|/>V7(r)(,)  (8) 

with 

0m  =  PV 

(3) 

and 

C:) =*-(::) -sC) 

(4) 

A  =  1 

(t  ”<«.  G.  r  lf(q|0»({)v-— 

Ur.  Ur..  '  - 
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W2{m.) 


did,,)/ 


r"  r  K{v\mi) 

Jfir..  Jn,-,. 


of  Co,  Fig.  6  shows  »  small  variation  in  the  correction 
factor  for  two  RND's  which  have  the  same  group  com¬ 
bustion  number  but  a  different  value  of  renormalization 
number,  0  =  nr./Vco- 

(5)  Scaling  Laws  with  Linear  Stratification  Model 

In  order  to  facilitate  the  practical  application  of 
(9)  the  scaling  law,  the  correction  factor  is  integrated  by 
adopting  the  following  functional  form  of  j/i 


Two  functions,  IFi  and  tFj,  which  are  the  homoge- 
nroiis  solutions  of  the  energy  equation  (2),  satisfy  the 
following  canonical  boundary  conditions;  =  1, 

=  1  where, 


<.)  =  0,  tFj(r,„)  =  0, 


(10) 


g/i  =  g/iKin 

where  Ki  is  a  stratification  coellicicnt,  and  ^  is  the 
mean  value  of  the  weighted  vaporization  shape  factor. 
The  correction  factor  predicted  by  the  linear  stratifica¬ 
tion  model  described  above,  is  given  by 


The  structure  and  scaling  laws  of  RND  and  their  de¬ 
pendence  on  the  principal  collective  interaction  param¬ 
eters  of  a  stationary  cloud  of  n-octane  droplets  are  de¬ 
termined  for  the  droplets  with  the  following  fuel  prop¬ 
erties;  PI  =  707  kg/m^,  Ti,  =  398.7  K,  71.7  kcal  fkg, 
and  Wp  ~  114.14  kg/kg  —  mole. 

(I)  Pair-Distribution  Function  and  Canonical  Bubble 
A  pair-distribution  function  is  adopted  for  the  nu¬ 
merical  calculation. 

gfrj)  =  l+aexp(-677)cos(2a»;„),  2j?„  <V<Vt, 

(") 

where  a  and  b  are  constants  to  be  determined  from 
the  experimental  data.  In  the  present  analysis  a— 1 .8, 
h-O.fi.l  are  chosen.  The  resulting  distribution  patterns 
are  shown  in  Fig. 2.  The  corresponding  signatures  of 
the  inverse  of  the  radius  of  canonical  bubbles  with 
10,  and  1.5  are  shown  in  Fig.  3. 

(2)  Vaporization  Shape  Factor 

A  pronounced  increase  of  ,t  in  the  radial  direction 
is  observed  for  a  smaller  value  of  droplet  spacing,  i.e. 

in  Fig. 4.  The  ratio  of  the  vaporization  rate  of 
the  droplet  located  at  the  first  coordination  shell,  for 
the  rase  of  r),„=^7.5,  is  only  5%  of  the  corresponding 
value  of  HND  with  7,.„  =  15.  This  trend  of  a  higher 
increasing  rate  of  p  at  smaller  canonical  bubble  radii; 
((-stratification,  is  a  common  feature  for  a  small  droplet 
spacing  in  non-dilute  sprays,  as  confirmed  for  a  case 
study  of  various  RND  clouds  featured  with  different 
values  of  a  and  b  that  appear  in  the  pair  distribution 
function. 

(3)  Temperature  Distribution 

High  /(-stratification  at  a  smaller  droplet  spacing, 
as  illustrated  in  Fig.  4  is  associated  with  steep  ra¬ 
dial  temperature  gradients  in  the  transition  sphere, 
shown  in  Fig. 5.  Indeed,  the  comparison  of  “p-T  strati¬ 
fications"  suggests  that  (1)  the  rapid  vaporization  of 
droplets  in  the  outer  layer  of  the  cloud  collectively 
quench  as  the  environment  and  thereby  reduces  the 
vaporization  of  the  test  droplet  and  (2)  the  increase 
in  Pf,.  at  a  fixed  droplet  spacing,  tends  to  reduce  the 
inward  heat  transfer  rate  and  thus  suppresses  the  va¬ 
porization  of  the  teat  droplet. 

(4)  Vaporization  Rate-Correction  Factor 

The  correction  factors  of  RNDs  for  three  selected 
values  of  p^,.,  Fig.  6,  are  found  to  decrease  mono- 
tonically  as  the  group  combustion  number  of  RND  in¬ 
creases.  Saturation  is  projected  to  occur  when  Gpn  = 
.10  ~  40  with  p„=7.6.  While  the  group  combustion 
number  is  a  primary  factor  controlling  the  magnitude 


C.  =  {l-f(.  +  G»N[(l-^)(l  + 


where  ^ 

GpN  =  = 

C 

(6)  Spray  Classification 

Numerical  assessment  of  the  scaling  law  suggests 
the  following  structural  classification  of  non-dilute  sprays. 

1.  Diffusively  Dense  Cloud 

In  a  moderately  dense  cloud,  say,  Pco  equals  to 
10  or  15,  shown  in  Fig. 4,  RND  exhibits  little  or  no  p- 
stratification.  The  reduction  in  the  vaporization  is  at¬ 
tributed  to  a  moderate  thermal  quenching.  However, 
the  thermal  diffusion  is  large  such  that  the  tempera¬ 
ture  remains  nearly  constant  throughout  the  transition 
sphere,  see  Fig. 5,  p„  =10  and  15.  The  corresponding 
correction  factor  is  a  function  of  the  group  combustion 
and  a  minor  correction  term  of  the  order  of  ^ . 


C„?(l  bCpA-)  '  tO(^)  (12  fc) 


2.  Densely  Stratified  Cloud 

This  dense  rinud,  with  a  smaller  droplet  sparing, 
as  shown  in  Fig. 4  witii  p,,p  =  7.5,  is  featured  with 
strong  ,i  and  T  slratifications  in  a  transition  sphere 
ensued  by  an  intense  collective  quenching  that  exceeds 
the  rate  of  thermal  transfer  in  a  transition  sphere.  The 
renormalization  number  P(,/Pco  larger  than  unity  so 
that  the  correction  factor  is  given  by 

Cv  =  |!  t  <7bn(1  +  j^iPik)!  '  +  ~ 

3.  Sharply  Dense  Cloud  -  Fine  Structure 

When  the  coordination  shells  contain  a  large  num¬ 
ber  of  droplets  and  the  renormalization  number  is  not 
excessively  large  compared  with  unity,  the  correction 
factor  depends  on  all  the  collective  parameters  :  Gp/y 
,  P«.  /  bee  anrl  bi*-  Two  sharply  dense  clouds  with  the 
same  group  combustion  number  will  exhibit  structural 
variation  when  the  renormalization  number  is  different, 
for  example,  at  Gp/y  =  4.2  the  RND  with  0  —  \2  has 
a  larger  value  of  C„  than  that  of  =  9,  see  Fig.6. 
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ABSTRACT 

The  objective  of  this  study  is  to  investigate  the 
influences  of  annular  air  flow  to  the  hollow  cone  spray 
structure  and  the  interactions  of  liquid  droplets  and 
air  flow.  Under  various  annular  air  flow  conditions, 
the  hollow-cone  shaped  spray  structures  of  a  cylindri¬ 
cal  bluff  body  combustor  have  different  flow  patterns. 
Three  different  spray  flow  patterns  are  observed  and 
investigated;  (I)  with  no  air  flow,  (II)  with  annular  air 
flow  and  spray  angle  increase  slightly,  (III)  with  an¬ 
nular  air  flow  and  spray  angle  expanded  significantly. 
The  experimental  techniques  used  in  this  study  include 
laser-Doppler  anemometry  (LDA)  for  gas  and  droplet 
phase  velocity  measurements  and  phase-Doppler  ane¬ 
mometry  (PDA)  for  droplet  size  and  velocity  measure¬ 
ments,  The  major  interests  are  the  gas  phase  mean 
velocity,  velocity  fluctuation  and  Reynolds  stress,  and 
the  droplet  phase  mean  size,  size  distribution  function, 
droplet  velocity  and  their  relation  for  three  different 
patterns. 

INTRODUCTION 

The  basic  geometry  of  a  bluff  body  combustor  for 
this  study  is  shown  in  Figure  1.  The  liquid  spray  is 
injected  from  the  nozzle  placed  at  the  center  of  the  end 
of  the  cylinder  which  is  coaxial  with  the  outer  annular 
air  flow.  The  end  of  the  cylinder  will  induce  flow  sep¬ 
aration,  which  is  preferable  for  both  the  stabilization 
of  flame  and  mixing  of  fuel  and  air. 

There  are  many  previous  studies  focused  on  the 
investigation  of  flow  properties  of  different  kinds  of 
bluff  body  combustors.  Bluff  body  with  different  kind 
of  shape,  for  most  of  the  studies,  is  placed  in  the  flow 
to  form  a  recirculation  zone  which  dominate  flame  sta¬ 
bilization.  Davies  and  Beer  |I|  studied  the  flow  in  the 
wake  of  bluff  body  flame  stabilizers.  They  studied 
the  effects  with  different  blocking  ratios,  defined  as 
the  ratio  of  bluff  body  cross  section  area  to  the  orig¬ 
inal  outlet  area,  and  bluff  body  shapes  to  the  flow 
Reid  features.  They  found  that  the  larger  the  blocking 


*  Associate  Professor 

**  Graduate  Student 


ratio,  the  shorter  the  recirculation  zone.  Durao  and 
Whitelaw  (2)  study  the  velocity  characteristics  of  the 
flow  in  the  near  wake  of  a  disk  and  also  the  similar 
result  about  the  effects  of  blocking  ratio  on  the  length 
of  recirculation  zone.  Fuji!  |3,  4]  studied  a  bluff  body 
flame  stabilizer  in  a  two  dimensional  duct.  The  shape 
of  the  cross  section  of  the  bluff  body  is  equilateral  tri¬ 
angular.  He  found  that  the  turbulence  intensity  was 
reduced  and  recirculation  zone  was  enlarged  in  the  re¬ 
acting  flow. 

Rothe  |S|  studied  the  interaction  between  air  and 
spray.  He  found  that  the  drag  force  of  liquid  phase 
causes  the  entrainment  of  gas  phase  and  entrained  gas 
results  in  the  contract  of  spray.  Yeung  |6)  proposed 
a  similarity  solution  of  gas-liquid  spray  systems  but 
an  appropriate  turbulence  viscosity  model  was  needed 
and  some  flow  characteristics  must  be  given,  such  as 
mean  droplet  size  and  initial  droplet  velocity. 

The  combination  of  spray  and  annular  air  flow 
behind  cylindrical  blulf  body  results  in  a  more  com¬ 
plicated  problem.  The  separation  of  the  annular  air 
flow  will  change  the  spray  characteristics  substantiaiiy. 
Tankin  [7]  studied  the  cylindrical  bluff  body  combustor 
with  a  popet  type  nozzle.  He  concluded  that  the  struc¬ 
ture  of  the  flow  field  is  dominated  by  the  size  of  the 
annular  vortices  of  air.  As  the  annular  vortices  grow 
comparable  to  the  size  of  sheet  region  and  penetrate 
into  the  spray,  the  shape  of  the  spray  will  be  dramati¬ 
cally  changed.  In  order  to  study  the  flow  structure  of 
a  cylindrical  bluff-body  combustor,  the  present  exper¬ 
iment  is  conducted. 

EXPERIMENTAL  SET-UP 

Figure  2  shows  the  general  arrangement  of  the 
experimental  system  set-up.  The  testing  chamber, 
made  by  casted  aluminum  alloy,  contains  the  cylin¬ 
drical  shape  bluff  body  combustor,  a  swirl  type  noz¬ 
zle,  annular  air  flow  duct  and  has  three  observation 
windows,  diameter  of  7in,  to  be  used  for  laser  sheet¬ 
lighting  flow  visualization  and  LDA  and  PDA  mea¬ 
surements.  The  whole  test  chamber  is  placed  on  a 
computer-controlled  transversing  system.  The  diam¬ 
eter  of  the  blulf-body  cylinder  is  31.75mm  and  the 
dimension  ratio  of  the  outer  diameter  is  1.75  as  shown 
in  Figure  1. 
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The  noszle  used  in  this  experiment  is  Spraying 
System  Co.  Model  No.  1/4LNCO  swirl  type  noszle, 
with  outlet  exit  diameter  of  nossle  O.OlStn.  The  com¬ 
pressed  liquid  comes  out  of  the  nossle  through  two 
swirl  slots  and  forms  a  hollow  cone  spray  by  centrifu¬ 
gal  force  and  water  is  used  for  liquid  phase  instead 
of  liquid  fuel.  Water  is  stored  in  a  pressurised  liq¬ 
uid  tank,  which  connected  to  an  air  compressor,  set 
at  a  constant  preMure  to  consistently  supply  constant 
liquid  flow  during  the  test.  The  flow  rate,  which  is 
60.7ee/min  for  this  test,  is  measured  from  a  calibrated 
rotameter.  A  blower  is  used  to  supply  the  annular  air 
flow  and  honeycomb  straightener  is  placed  at  the  top 
of  the  testing  chamber.  A  calibrated  orifice  flow  me¬ 
ter  is  used  to  measure  the  air  flow  rate.  The  Validyne 
pressure  transducer,  digital  multimeter,  and  computer 
are  used  to  monitor  the  air  flow  during  the  test.  The 
air  flow  rate  in  this  test  is  adjusted  in  the  range  from 
0  to  1.39m* /min. 

Laser  sheet-lighting  technique  is  employed  for  flow 
visualization  by  using  a  Coherent  9T-3  3-watts  Argon- 
ion  laser  and  a  cylindrical  mirror  to  generate  a  thin 
light  sheet  for  spray  flow  structure  observation  of  a 
cross-section  plane.  A  four  beams,  two  components, 
on  axis  forward  scattering  Tsi  9100-7  lascr-DoppIcr 
anemometry  system  is  used  for  velocity  measurement 
of  liquid  droplets  and  gas  phase  through  two  observa¬ 
tion  windows.  By  adding  an  INVENT  phase/Doppler 
extension  to  the  existing  LDA  system,  the  phase  Dop¬ 
pler  technique  is  used  for  the  measurements  of  liquid 
phase  information,  droplet  size,  size  distribution,  mean 
and  fluctuation  velocity,  number  flux,  etc. 
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RESULTS 

Detailed  experimental  results  of  the  followings  will 
be  discussed  in  the  presentation. 

(A)  Three  different  spray  flow  pattern  are  observed 
under  various  annual  air  flow  condition  by  flow  visu¬ 
alization. 

(B)  Spray  structure  of  droplet  and  gas  phase  near  the 
nozzle  exit,  the  location  at  20  times  of  nozzle  diameter. 

(C)  Droplet  size  probability  distribution  at  various  lo¬ 
cation  for  different  flow  pattern.  (Figure  3) 

(D)  Comparison  of  droplet  and  gas  phase  velocity, 
droplet  mean  size,  Sauter  mean  diameter,  size  stan¬ 
dard  deviation  along  the  central  axis. 


REFERENCE 

|1|  Davies,  T.W.  and  Beer,  J.M.,  "Flow  in  the  Wake 
of  Bluff- Body  Flanw  Stabilizers”,  13th  Interna¬ 
tional  Symposium  on  Combustion,  1971. 

(2|  Durao  D.  F.  G.  and  Whitelaw,  J.  H.,  "Velocity 
Characteristics  of  the  Flow  in  the  Near  Wake  of 
a  Disk",  J.  Fluid  Mech.,  Vol.  85,  p.  369,  1978. 

(3|  Fnjii,  S.,  GomI,  M.  and  Eguchi,  K.,  "Cold  Flow 
Teat  of  a  Bluff-Body  Flame  Stabilizer”,  ASME  J. 
Fluids  Eng.,  Vol.  100,  p.  323-332,  1978. 

|4|  Fujii,  S.  and  Eguchi,  K.,  "A  Comparison  of  Cold 
and  Reacting  Flows  Around  a  Bluff-Body  Flame 


.  -  V  ' 

I  ' - -  lo  Ppri'.Mff  l.n. 


1  Oevccolof 

2  Rrgiilotor 

3  Atf  compfes^Of 
A  fiOt 

5  0b?P»vmq  •finrtow 

6  HooeYCW^ 


7  f  *>toust 

8  (Moinnq* 

9  Rolomelpf 
lOWolpr  fonk 

H  Ot'Jice  liowmpipi 
12  Plowpf 


Figure  2.  Experimental  system  set-up. 
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Figure  3.  Particle  size  probability  distribution  for  different  flow  patterns  at  various 
axial  location. 
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INTRODOCTION 

Many  conbustors  In  technical  applications 
are  supplied  with  liquid  fuel.  Usually  the 
fuel  Is  atomized  in  order  to  Improve  the  eva¬ 
poration  process.  In  such  fuel  sprays  the 
droplet  diameter  ranges  typically  from  10  pm 
up  to  300  |im.  If  the  distances  between  the 
droplets  are  small,  the  mutual  Interactions  of 
the  droplets  have  to  be  taken  Into  account  for 
the  descrlbtlon  of  the  physical  and  chemical 
processes  In  the  combustor.  Usually  It  Is  very 
difficult  to  Investigate  these  processes  quan¬ 
titatively  In  real  sprays.  To  overcome  these 
difficulties  monodlsperse  equally  spaced 
droplets  may  be  applied  as  a  useful  tool  for 
studying  basic  droplet  phenomena. 

DROPLET  SYSTEMS 

Monodlsperse  droplet  arrays  consisting  of 
one  or  more  parallel  droplet  streams  with  de¬ 
fined  droplet  spaclngs  have  been  examined. 
These  monodlsperse  droplet  streams  have  been 
produced  by  vibrating  orifice  droplet  genera¬ 
tors  (1,21.  The  Initial  droplet  size  dy^,  ve¬ 
locity  vyQ,  and  distance  between  the  drop¬ 
lets  Syo  can  be  chosen  in  a  wide  range  (31.  A 
single  droplet  stream  is  called  a  linear 
droplet  array.  To  obtain  planar  monodlsperse 
arrays  several  parallel  droplet  streams  arran¬ 
ged  In  one  plane  are  used.  To  study  droplet 
combustion  the  droplet  streams  are  Ignited  by 
a  heated  coil  of  filament.  After  Ignition  the 
droplet  streams  are  surrounded  by  a  stationary 
laminar  flame.  In  Fig.  1  the  main  parameters 
characterizing  a  planar  droplet  array  are  ex¬ 
plained.  All  droplets  are  moving  with  the 
velocity  vy  in  the  direction  of  the  droplet 
streams.  By  measuring  the  droplet  size  dy  and 
the  droplet  velocity  vy  at  different  distances 
from  the  point  of  ignition  the  temporal  evolu¬ 
tion  of  size  and  velocity  along  each  droplet 
path  can  be  determined.  This  Is  possible  be¬ 
cause  the  Initial  conditions  of  each  droplet 
are  the  same  and  each  droplet  undergoes  the 
same  history  along  a  stream. 

MEASURING  TECHNIQUES 

To  Investigate  the  interaotlon  between 
the  droplets  a  very  precise  sizing  method  Is 
necessary.  At  ITLR  an  Interferenoe  method  was 
developed  for  determining  droplet  sizes  with 
an  accuracy  of  about  2  %.  This  instrument  is 


Independent  of  the  intensity  of  the  Incident 
light.  Detailed  information  about  this  sizing 
method  has  been  published  elsewhere  [2,31.  The 
droplet  velocity  Is  determined  simultaneously 
using  a  conventional  LDV-technique  [5], 

RESULTS 

Linear  arrays  consisting  of  one  single 
droplet  stream  and  planar  arrays  oonsistlng  of 
three  or  five  parallel  droplet  streams  have 
been  studied.  In  the  experiments  with  the  sin¬ 
gle  droplet  stream  the  measurements  were  per¬ 
formed  for  different  spaclngs  sy.  The  burning 
rate  decreases  with  decreasing  droplet  spa¬ 
cing  Sy.  In  planar  droplet  arrays  the  temporal 
evolution  of  droplet  size  has  been  measured 
along  each  droplet  stream.  As  an  example  the 
results  of  a  droplet  array  consisting  of  three 
parallel  streams  are  shown  in  Fig.  2.  It  may 
be  shown,  that  these  results  are  In  accordance 
with  the  d^-law.  In  Fig.  3  results  for  arrays 
consisting  of  two  parallel  streams  are  shown 
for  different  spacing  sjj.  In  this  figure  the 
square  of  the  dimensionless  droplet  diameter 
df/dTo  Is  represented  as  a  function  of  the 
dimensionless  time  t*  =  t  D/dy^^.  Here  t  is 
the  time,  D  the  coefficient  of  diffusion  for 
the  fuel  against  air  and  dy^  the  Initial  drop¬ 
let  diameter.  Each  line  represents  the  mean  of 
both  streams  In  a  particular  array  configura¬ 
tion.  For  comparison  the  result  of  a  linear 
array  having  the  same  initial  spacing  syg,  the 
same  Initial  velocity  vyg  and  the  same  initial 
droplet  diameter  dyg  Is  plotted  In  Fig.  3.  The 
slopes  Cl  of  the  different  lines  characterize 
the  burning  rate.  The  values  cl  are  shown  in 
Fig.  4  as  a  function  of  the  distance  bet¬ 
ween  the  streams.  The  dotted  line  represents 
the  value  of  cl  for  the  linear  droplet  array, 
which  can  be  considered  as  a  two  stream  confi¬ 
guration  with  Infinite  distance  Sj^.  Due  to 
symmetrical  reasons  the  result  for  an  array 
configuration  of  two  droplet  streams  with  zero 
spacing  can  be  derived  from  the  result  of  the 
linear  array.  This  value  of  Cl  la  marked  on 
the  CL-axls  with  a  star.  Results  of  planar 
droplet  arrays  oonsistlng  of  three  streams  are 
shown  In  Fig.  S  and  6.  Shown  Is  again  the 
slope  Cl  as  a  function  of  the  spacing  sj^.  In 
both  diagrams  the  dotted  line  represents  re¬ 
sults  for  an  Infinite  spacing  sj^  like  In 
Fig.  4.  In  Fig.  S  the  results  of  the  edge 
streams  of  the  configurations  are  presented. 
For  each  configuration  the  result  of  the  left 
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and  the  right  edge  stream  are  presented  by  one 
common  line  due  to  their  symmetric  position. 
Figure  6  shows  the  corresponding  results  of 
the  center  streams.  In  all  cases  the  initial 
values  of  droplet  diameter  dj^,  velocity  vyj,, 
and  droplet  spacing  sjg  were  chosen  the  same 
in  order  to  allow  comparisons  between  the  re¬ 
sults.  In  addition  a  droplet  configuration 
consisting  of  five  droplet  streams  was  exami¬ 
ned.  The  spacing  between  the  droplet  streams 
was  an  =  400  |im.  In  Fig.  7  the  slope  for 
each  of  the  five  streams  is  plotted  against 
the  distance  sj^  from  the  center  stream.  In  all 
experiments  ethanol  was  used  as  fuel. 

CONCLUSIONS 

The  diagrams  of  Figs.  3  to  6  show  clearly 
that  for  wider  spaclngs  a^  between  the  droplet 
streams  the  results  approximate  the  results 
for  a  linear  array  consisting  of  a  single 
droplet  stream.  Furthermore  the  diagrams  of 
Figs.  2  and  7  show,  that  the  burning  rate  for 
the  droplet  streams  in  or  near  the  center  of 
the  configuration  is  lower.  These  results  show 
clearly,  that  the  combination  of  the  above 
mentioned  measuring  techniques  with  well  de¬ 
fined  droplet  configurations  is  a  very 
suitable  instrument  in  the  study  of  basic  com¬ 
bustion  phenomena.  The  results  obtained  may  be 
considered  as  a  experimental  basis  for  Im¬ 
provement  of  numerical  simulations. 
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FIGURES 


Fig.  1:  Sketch  of  a  planar  array  with  configu¬ 
ration  parameters. 


65 

62 


•g  59 
■o"  56 

53 

50 

0  10  20  30  40  50 

X  [mm] 

Fig.  2:  Droplet  diameter  dj  as  a  function  of 
the  distance  x  from  the  ignition  point  for 
droplets  of  planar  droplet  array  consisting  of 
three  droplet  streams.  The  distance  between 
neighbouring  streams  was  sjj  =  400  pm.  The  be¬ 
haviour  of  the  droplets  in  the  center  stream 
differs  significantly  from  the  behaviour  In 
the  edge  streams. 
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Fig.  3:  Square  of  the  dimensionless  droplet 
diameter  dT/dTo  versus  dimensionless  burning 
time  t*.  The  diagram  shows  results  of  planar 
droplet  arrays  of  two  droplet  streams  with 
different  spacing  Sj^.  Results  of  both  streams 
of  a  particular  array  configuration  are  repre¬ 
sented  by  the  mean  of  the  individual  streams. 
Each  line  represents  best  fits  to  the  measured 
data. 
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Fig.  4:  Slope  Ol  as  a  function  of  the  distance 
between  the  two  droplet  streams  of  the  ar¬ 
ray.  The  dotted  line  marks  the  level  of  C[_  If 
the  spacing  is  infinite.  This  level  is  repre¬ 
sented  by  the  results  of  a  single  droplet 
stream.  The  star  on  the  CL-axls  marks  the  li¬ 
mit  for  zero  spacing  between  the  streams.  This 
limit  is  derived  from  the  results  of  the 
single  stream.  The  initial  droplet  diameter 
was  £1  urn. 
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Fig.  6:  Slope  c^  as  a  function  of  the  distance 
sjj  between  neighbouring  droplet  streams  of 
planar  array  configuration  consisting  of  three 
streams.  Results  are  shown  for  droplets  in  the 
center  stream.  Their  behaviour  differs  from 
droplets  in  the  edge  streams.  The  dotted  line 
marks  the  level  of  Oj^  if  the  spacing  is  infi¬ 
nite.  This  level  is  represented  by  the  results 
of  a  linear  droplet  array  consisting  of  a 
single  droplet  stream.  The  initial  droplet 
diameter  was  61  pm. 
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Fig.  5:  Slope  C[^  as  a  function  of  the  distance 
Sj)  between  neighbouring  droplet  streams  of  a 
planar  array  of  three  streams.  Results  are 
shown  for  droplets  of  the  edge  streams.  The 
dotted  line  narks  the  level  of  If  the  spa¬ 
cing  is  infinite.  This  level  la  represented  by 
the  results  of  a  single  droplet  stream.  The 
initial  droplet  diameter  was  61  pn. 


Fig.  7:  Slope  as  a  function  of  the  dis¬ 
tance  Sj  from  the  center  stream  of  planar 
droplet  array  consisting  of  five  droplet 
streams.  The  distance  between  neighbouring 
droplet  streams  was  400  pm.  The  dotted  line 
shows  the  value  of  C|^  for  a  single  droplet 
stream. 
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The  drop-tube  furnace  (Fig.l)  in  which  the  gas  flow  is  purely  lominor,  is  an 
experiment  device  for  the  study  on  chemical  kinetic  choroctcristics  of  cool 
patticles[l|.  The  velocity  profile  of  the  primary  air  at  the  outlet  of  the  coal  feeder 
tube  is  parabolic.  The  velocity  of  the  secondary  ait  at  the  outlet  of  the  honeycomb 
flow  strainer  is  uniform.  Generally,  in  the  experiments  to  determine  the  chemical 
kinetics  of  pulverized  coal  with  drop— tube  furnace,  the  particles  are  supposed  lo 
move  dov/nward  along  the  furnace  axis  after  they  ore  ejected  out  of  the  coal  feeder 
tube,  until  they  arc  eooled  down  quickly  and  caught  by  the  sampling  probe.  With 
the  assumption  that  every  single  particle  bos  the  same  history  of  movement  and  re¬ 
action  in-  the  furnace  tube,  the  results  can  be  figured  out  from  the  collected  data. 

However,  it  has  been  discovered  that  pulverized  cool  porticles  moy  disperse 
quickly  after  entering  the  purely  laminor  flow  reaction  zone  even  though  they  ate 
entering  into  the  furnace  closely  to  its  axis.  In  order  to  find  out  the  cause  and  influ¬ 
ence  of  the  dispresion,  the  multi-pulse  laser  holographic  technology  was  employed 
in  this  experiment  and  the  holographic  picture  of  particle  movement  at  room  tem¬ 
perature  hos  been  taken.  In  this  paper  the  cause  of  porticle  dispersion  in  laminar 
flow  is  onalyzed,  and  the  trajectories  and  the  forces  imposed  upon  coal  particles  un¬ 
der  various  conditions  ore  studied.  Besides,  the  trajectory  and  residence  t  ime  are 
simuiated  through  calculation. 

The  double-pulse  holographic  pictures  taken  at  three  different  posi¬ 
tions  away  from  the  feeder  tube  mouth  (0~  11,11~  22,'i‘i—  4Smm)  under  the  obove 
condition  ore  shown  in  Fig. 2(a),  (b),  (c).  The  time  interval  between  the  two  expo¬ 
sures  is  At=  700ps.  It  is  found  that  in  the  experiment  the  mean  initial  velocity  of 
the  primary  flow  is  1.59m/ 1  and  forming  a  parabolic  profile,  while  the  corresa 
ponding  particle  velocity  is  only  1.13m  /  s  on  average.  The  particles  don't  drop  free¬ 
ly  ill  the  coal  feeder  lube  but  they  collide  with  each  other  or  with  the  tube  wall  so 
tliHl  tlieii  Lifietie  crieigy  is  inutlly  lust  oiid  the  initial  velocity  of  particle  it  reduced 

significantly. 


The  particles  possess  difTerent  radial  component  velocities  when  ejected  out 
of  the  outlet  of  the  coal  feeder,  that  is,  the  particle  doesn't  always  enter  the  reaction 
zone  axially  but  with'  various  velocity  in  dirTerent  directions.  Besides,  particles 
themselves  are  rotating  in  difTferent  rotational  directions  and  rates.  Meanwhile,  it 
b  found  that  the  directions  of  rotation  do  not  relative  to  the  radial  deviation 
movements,  however  the  maximum  angular  displacement  shown  in  the  pictures  is 
opproximntely  11/2  and  the  correspondent  angular  velocity  is  2244  1  /  s. 

After  leaving  the  coal  feeder,  the  rate  of  rotation  of  the  particle  drops  quickly 
and  reduces  to  a  very  small  value  at  a  very  short  distance  from  the  outlet  of  the  coal 

V 

feeder  tube  (Fig.  2(b)).  This  shows  that  the  collision  of  the  particle  with  the  feeder 
tube  wall  is  the  only  important  cause  of  the  rotation,  while  the  irregular  shapes  of 
partiles  or  the  un-uniform  of  the  velocity  Field  has  little  effect  on  the  rotation. 

Coat  particles  disperse  when  dropping  down  in  the  laminar  flow  at  room 
temperature  in  the  drop— tube  furnace.  The  reason  of  this  phenomenon  is  that, 
mony  particles  are  ejected  out  of  the  coal  feeder  tube  with  different  initial  radial 
component  velocities,  which  is  caused  by  the  collision  between  particles  each  other 
or  the  strike  between  the  particles  and  the  feeder  tube  wall.  Saffman  force  makes 
the  range  of  dispersion  of  particles  slightly  larger,  while  Magnus  force  has  nearly  no 
effect  on  the  radial  displacement  of  the  particles. 

Under  the  high  tcnipcroture  operating  condition,  the  discrepancy  of  the  resi¬ 
dence  time  of  anthracite  or  char  porticles,  is  not  great,  when  moving  and  dispersing 
in  the  laminar  flow  in  the  furnace.  The  residence  time  of  the  particles  can  be  calcu¬ 
lated  according  to  the  real  gas  velocity  distribution  with  the  assumption  that 


Fig.l  Drop  Tube  Frunocc 
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Fig. 2  The  Double-Puhe  Holognphic  Pictures  of  Moving 
PatticleiThe  time  interval  is  700ns.  The  remarkable  thread 
is  located  from  th  burner  mouth  at  the  distance  Z. 
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THE  COMBUSTION  SYSTEM 

l;i  combustor  technology  soot-free  combustion  is 
a  general  aim,  when  hydrocarbon  fuels  are  in¬ 
volved.  During  recent  research  work  a  combustor 
system  was  developped,  which  fulfills  the  demands 
for  stoichiometric  soot-free  and  stable  combustion. 
In  domestic  oil  burners  this  system  is  applied  in 
series  production. 

The  combustion  system  itself  applies  the  technique 
of  prevaporization  and  premixing  by  means  of  a 
mixing  tube,  which  is  located  immediately  down¬ 
stream  of  the  fuel  nozzle  and  the  air  metering  port 
(Fig.  1).  By  this  air  tlow  speed  is  maintained 
above  flame  propagation  velocity  which  does  not 
allow  combustion  flame  to  establish  itself  upstream 
of  the  mixing  tube  exit.  Downstream  the  mixing 
tube  exit  the  flame  stabilizes,  because  the  flow  has 
decelerated  by  turbulent  mixing  after  the  channel 
is  widened  past  the  mixing  tube  end. 


rnmhiinlion  Scheme 


Fig.  I  Blue  flame  combustor 

Inside  the  mixing  tube  evaporation  takes  place  as 
heat  is  transfered  to  the  air-fuel- stream  by  re¬ 
circulation  and  radiation  from  the  red  glowing 
mixing  tube.  Recirculation  of  hot  combustion  gases 
from  the  downstream  positioned  combustion  zone 
is  established  by  means  of  windows  In  the  mixing 
tube  wall  at  its  upstream  end  and  through  the  in¬ 
jector  effect  of  the  main  air-fuel  stream  Inside  the 
mixing  tube  after  having  passed  through  the  air 
metering  port.  The  mixing  tube  is  heated  by  the 
hot  gas  flowing  backward  from  the  combustion 
zone  to  the  recirculation  windows  through  the 
annulus  between  the  mixing  tube  and  flame  tube. 


An  essential  for  the  combustion  stability  is  to 
prevent  cool  flue  gas  to  be  sucted  into  the  re 
circulation  region.  If  this  occurs  the  flame 
starves  out  and  combustion  is  interrupted.  To 
avoid  ihrs  the  combustion  flame  is  encapsuled  by 
a  flame  tube  which  has  to  have  certain  length 
and  diameter  measures,  depending  on  combustor 
performance.  According  to  these  considerations 
the  flame  tube  length  may  be  calculated  from 
LFR  >  LMR  +  (DFR  -  DMR)  /  2  /  tg  10°. 

To  guarantee  safe  operation  the  flame  tube  has 
to  have  about  10  to  20°  overlongth. 

To  achieve  optimal  spatial  mixture  distribution 
inside  the  combustor  the  distribution  character¬ 
istic  of  the  fan  spray  nozzle  was  selected  so  that 
it  met  the  given  conditions  of  the  air  flow.  This 
then  finally  ends  up  in  a  combustion  which  burns 
soot- free  at  stoichiometric  mixture  ratios  with 
almost  theoretically  low  carbon  monoxide  con¬ 
tents,  low  NO  -values  and  almost  free  of  hydro¬ 
carbons  (Fig.*  2).  In  the  m' an  time  it  has  ex 
perimentally  bee.n  proven  that  this  system  can 
also  be  applied  to  controllable  combustors  with  a 
performance  ratio  of  il:1  at  least. 


Fig.  2  Flue  gas  species  content  versus 
air /fuel  ratio 

This  combustor  concept  was  developped  by  com¬ 
puting  atomization  fineness  and  evapoiation 
length  of  the  fuel  droplet  applying  a  model  which 
before  had  been  proven  successful  in  rocket 
combustor  design.  There  combustion  efficiencies, 
which  mainly  depend  on  evaporation  efficiency, 
could  be  predicted  very  accuratly  and  within 
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narrow  tolerances. 

COMPUTING  MAXIMUM  DROPLET  SIZE  IN 
SWIRL  NOZZLE  SPP^AY 

To  compute  evaporation  length  in  the  combustor 
maximum  droplet  size  in  the  spray  must  be  known 
The  following  equations  have  been  applied,  which 
were  developped  during  atomization  research  and 
here  are  specified  for  swirl  nozzles; 


I.K  ( 


EXPERIMENTAL  INVESTIGATIONS  ON  EFFECT 
OF  FUEL  ATOMIZATION  ON  SOOT-FREE  BURNING 

The  concept  of  sootfree,  blue-flame  burning  de¬ 
mands  that  the  evaporation  of  the  fuel  droplets, 
and  here  especially  of  the  biggest  ones,  must  be 
finished  before  the  flow  velocity  decreasing  by 
jet  mixing  with  the  recirculating  flow  drops  below 
flame  propagation  speed.  For  the  working  condi¬ 
tions  of  the  investigated  burner  this  means  that 
evaporation  must  be  accomplished  within  a  length 
of  90  mm  downstream  of  the  air  metering  port. 
Then  the  allowable  maximum  droplet  diameter  in 
the  spray  was  computed  to  be  78  pm.  It  also 
showed  that  this  droplet  diameter  should  be  a 
very  important  parameter,  whether  sooting 
yellow-flame  combustion  occurs  or  not. 
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I  i''.  3  illustrates  the  relation  between  the 
maximum  droplet  diameter  Umax  in  swirl  nozzle 
s[irays  for  e  60®,  the  fuel  volume  flow  V,  the 
n.izzle  exit  bore  diameter  d  and  the  nozzle 
pressure  drop  A  P. 


This  theoretical  result  was  examined  by  two 
different  series  of  experiments. 

During  the  first  campaign  the  fuel  type  and  con 
dition  remained  constant.  It  is  a  hydrocarbon  of 
20  cSt  viscosity  at  293  K  and  32  percent  share  of 
aromatic  compounds.  The  variation  in  droplet 
size  was  achieved  by  different  nozzle  sizes  within 
a  combustor  performance  from  17  to  40  kW,  by 
oil  pressure  variation,  which  also  varied  the  air- 
fuel- ratio,  and  by  changing  air  metering  port 
area.  As  Fig.  4  shows,  varying  air- fuel  ratio 
finally  led  to  values  mainly  in  the  fuel  rich- 
region,  where  soot  started  to  raise. 


Fig.  3  Maximtim  droplet  diameter  in  the  spray 
versus  throughput  and  bore  diameter 


Fig.  4  Soot  number  of  combustor  gases  versus 
fuel  air  ratio 

This  limiting  soot  value  of  the  fuel  air  ratio  was 
evaluated  and  related  to  the  appropriate  maximum 
droplet  size,  produced  by  the  nozzle  under  those 
conditions.  From  these  measurements  it  was  found 
-  as  Fig.  5  shows  -  that  the  spray  fineness  must 
be  improved,  if  the  fuel  air  ratio  is  moved  to 
wards  fuel  rich.  And  in  general,  it  is  shown  that 
the  maximum  allowable  droplet  size  in  the  spray 
for  soot  free  stoichiometric  combustion  is  about 
90  iim.  This  value  is  somewhat  higher  than  the 
calculated  value  of  78  pm.  The  reason  for  this 
difference  may  be  the  complexity  of  the  temper 
ature  field,  which  is  generated  by  mixing  of  fresh 
air  and  recirculating  hot  gas  streams,  and/or  by 
the  fact,  that  very  small  remainders  of  the 
biggest  droplets  of  the  spray  do  not  produce 
measurable  quantities  of  soot,  if  they  enter  the 
combustion  zone  without  being  evaporated 
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completely.  This  evaluation  predicted  that  - 
applying  swirl  nozzles  -  the  oil  pressure  must  be 
considerably  increased,  if  the  combustor  per¬ 
formance  is  raised.  Experimental  work  with  com¬ 
bustors  of  about  500  kW  have  proven  this  inter¬ 
relationship. 
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Fig.  5  Maximum  allowable  droplet  sizes  for 
soot- free  combustion 

111  the  second  campaign  combustor  and  nozzle  re¬ 
mained  unchanged,  but  the  oil  quality  has  been 
varied,  mainly  its  viscosity,  which  defines  the 
droplet  size  in  the  spray  at  a  given  oil  pressure. 
After  basic  investigations  of  the  viscosity  in¬ 
fluence  on  nozzle  characteristics  and  atomizing 
capability,  the  spray  fineness  was  varied  by 
changing  the  fuel  viscosity  through  varying  the 
fuel  temperature  by  preheating. 


second  campaign.  The  appiication  of  fuel  with 
higher  aromatic  portions  showed  the  tendency  for 
then  lower  droplet  size  limits.  But  this  aspect  has 
not  yet  fully  been  investigated. 
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Fig.  6  Soot  number  of  combustor  gases  versus 
fuel  viscosity  and  temperature 

The  combustion  experiments  showed  that  soot 
free  combustion  could  be  achieved  with  high  vis 
cosity  fuels,  if  by  preheating  of  the  fuel  the 
droplet  size  is  lowered  to  values  in  the  range  of 
normal  viscous  fuels.  Fig.  6  shows,  how  by  de 
creasing  fuel  temperature  resp.  increasing  fuel 
viscosity  the  combustor  can  be  controlled  from 
soot  free  into  increasingly  sooting  combustion. 

I  he  whole  sample  of  data  shows  the  same  depen 
dance  of  maximum  allowable  droplet  diameter 
versus  fuel  air  ratio,  but  at  slightly  higher  drop 
let  size  values,  which  is  due  to  some  size  change 
ments  of  the  combustor  between  the  first  and 
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INTRODUCTION 

Tlw  rulvrriMd  coal  blufr^budy  humrra  are  widely  moJ  In  tblnn 
power  bnilernl  I]  .Ibe  charoclerlstlc  of  flow  field  In  burner  outlet  and 
Itii  profile  In  fiiirvice  are  ohown  in  Fltf.l  and  2.  The  klndn  of  bunted 
coni  are  mib-bituainoa  coal.anthrocltetelei  the  boiler  capacitiee  are 
.*iri-670(t/h). 

In  order  to  ulllixe  lower-ftrtwle  coni  and  nci't  the  need  of  atoble 
ctarfitnllon  at  low  bniirr  load,  a  new  type  pulverised  cool  burner  la 
»l«?ve!orr*l,  illicit  la  the  bliiff-lody  burrter  with  etiiblllastlon  chnatoer. 

rvn'iMMrKP  pi^tcr  and  hiirnfi?  MOfn;i,i<:s 

The  charocterlatic  teals  of  flow  field  in  burner  outlet  are 
f«>rfnt«rd  In  a  wind  tintel,  a  atAtlooary  one  dlannnlotvtl  flow  with  low 
iiirtmlanre  Inlenalty  enn  be  fonaid  In  the  outlet. 

tn  experltaenla.  the  geeaaetrical  ahnpes  and  aizcs  of  atnbilaslng 
<'hruNlier  enn  he  changed,  with  th«iae  of  the  bluff-hody  anlntnliKd 
■vtrhanged. Three  types  of  atnbi Using  chmber  am  ahown  in  Fig. 3,  whose 
elM|v*a  of  croaa  aectlnn  are  nil  rerlangular. 

KI'SUItTS  OF  COIi)  FIjOW  TF-STS  A>n)  DISaJSSION 

t.Frfecta  of  gmwptricnl  shape  of  sinhillsing  chamber  on  recirculation 

The  velocity  field  In  centre  section  la  oeasured  after  the  flow 
aelf-modelihg  cone  foracd.  The  slXca  of  recirculating  tone  end  ssias 
fliR  rale  in  three  typea  of  aUibilltlng  ciMnber  am  obt.laned  nnd  ahotei 
in  Flg>4,  anri  the  testing  roatilta  are  Hated  In  table  1. 

It  can  be  known  from  Fig. 4  anrI  table  t  that  the  stabilising 
rhrviil»>r  Mikes  recirculating  sone  and  anas  fluoc  rate  behind  the  bluff* 
l^vty  ronatdombly  enlarged.  CcMa**r<nl  with  htuff-body  without  chamber, 
the  leiafth  of  recirculating  sene  la  Incrensrd  2  tinea  nnd  ovuImm  anas 
fltn  rale  appmlantely  2  timea. 

2.Fbllneaa  of  recirculating  s,one  in  alnbllislng  chnnber 

Through  nenaurlng  the  contlltlon  of  recirculating  sene  along  bluff 
Inly  height,  we  mn  find  that  its  nHe  at  the  nltkUe  section  Is 
mn.'clniw,  nppronching  the  two  enda  of  hlufr-body.  It  goes  smnller. 
Obviously,  gas  wilt  enter  the  rscirculeting  sone  fron  the  two  enda  of 
bhiff-horiy  berauan  of  negative  pressuie.  If  atablHsing  chenber  is 
used,  the  uvgvr  and  lower  ends  of  bluff-body  seen  to  ba  covered,  and 
air  flow  con  not  affect  the  recirculating  sone.  Therefore,  «bole 
rnvliy  ran  he  nore  fully  fillnrl  with  Ihn  recirculating  sone,  and  the 
aasa  fltn  rate  anri  heat  capacity  greatly  incrtaacd.  This  screen  effect 
ran  prevent  cold  air  fren  entering  the  reiHrculatlng  tonn  dlrentely, 
which  are  helpful  the  heating  nf  lowor-grado  pulverised  coal  and 
sultnble  for  atable  coihimtlnn  at  lower  boiler  lend.  A  detail  testing 
results  are  Hated  In  table  2. 


RESULTS  OF  CaOUSTION  TESTS  /JJD  DISCUSSION 

^Iveriscd  coni  embus!  Ion  teats  ate  perfonsed  on  the  experlnent 
device  shown  in  Flg.S  |2I,  which  can  bum  pulverised  coal  20kg  per 
hour.  Fig. 6  shows  the  tenpermlure  profile  of  flane  along  crntreline, 
frost  which  It  con  be  seen  that  cosbustion  process  Is  further  iaproved 
t0e  of  alahlllzlng  chamber,  tesipemture  of  burned  gas  In  fumance 
la  remnHiahly  lnr*rcaanl,  about  by  60-100  C  cosgnrcd  with  iK-tl  without 
stabilising  clinmber. 

OOX^LUSION 

Based  on  analysing  the  results  of  cold  flm  and  cosdiustion  tests 
for  the  burners  In  sUbllltlng  chestber,  following  conclusions  can  be 
obtained. 

1.  Stabilising  chambers  can  resnrkably  enlarge  the  size  of 
recirculating  tone  behind  bluff-body  and  mass  recirculating  rate. 

2.  The  fullness  of  recirculating  cone  in  stabilizing  chambers  is  much 
better  than  that  of  C‘«mwion  bluff-body. 

3.  It  Is  seen  from  the  lest  results  for  three  different  shniics  of 
stabilising  chambers  that  the  shapes  have  no  great  Influence  on 
reclrculntlon  sone.  In  view  of  avoiding  csAlng,  the  stabilising 
chrsiA«*r  of  type  B  I"  most  rensonnble.tdiirh  is  suddenly-extendcvl  from 
two  sides  and  gmduilly  enlarged  from  two  enls. 

4.  The  utilisation  of  chambers  Is  helpful  stability  and  strengthen 
of  combustion  process,  nnd  the  flnme  trmpcmlure  la  Increased, so  that 
It  am  be  adnptcd  for  combustion  of  lower-grade  coal  and  stable 
cosAsuatlon  at  Iw  boiler  lood. 
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Fig. 2.  flow  field  in  fumice 
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Fig. 4(b)  mna8  recirculation  rate 
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Fig. 6. Flame  Umperiiture  profile  in  centreline 
(a)  coal  A  (b)  coal  B 
—  no  stabilizing  chamber 
with  sUibilizing  chamber 
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L/b 

j  C  mn/niii  )  n ■  t 
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Type  I 
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SYNOPSIS 

This  paper  describes  the  development  and 
validation  of  two  computer  models  developed 
for  the  matching  of  fuel  injection  equipment  to 
diesel  engines.  Both  models  included 
mathematical  representation  of  fuel 
atomisation  and  ignition  delay  together  with  a 
simple  simulation  model  of  engine  cycle.  The 
effect  of  fuel  quality  was  taken  into  account  on  a 
ipialilative  basis  while  empirical  relationships 
were  employed  for  the  prediction  of  ignition 
delay  under  various  operating  conditions. 

Both  models  were  tested  against  experimental 
results  including  tests  using  varying  quality 
fuels.  All  the  calculations  were  carried  out  on  a 
step-by-step  basis  to  predict  engine  performance 
parameters  over  the  whole  cycle. 

The  success  of  the  models  were  primarily  based 
on  the  use  of  a  number  of  empirical  coefficients 
or  correlation  factors  in  the  formulae  used  in 
the  models.  However,  in  order  to  enhance  the 
simulation  capabilities  of  the  models,  their 
dependence  on  such  empirical  coefficients  had 
to  be  removed.  The  two  models  were  therefore 
merged  info  a  new  model  combining  the  "jet 
mixing"  calculation  with  those  of  "droplet 
burning"  with  a  potential  for  predicting 
combustion  emissions. 

The  full  paper  will  include  the  mathematical 
expressions  derived  for  the  earlier  models  and 
their  enhancements  when  combined  into  the 
new  model.  The  paper  will  also  report  on  the 
results  of  the  tests  carried  out  on  two  engines 
running  on  diesel  and  heavy  fuels  at  different 
conditions,  together  with  predicted  results  from 
the  earlier  as  well  as  the  new  model. 
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INTRODUCTION 

In  an  earlier  research  project  (IJ  two  Diesel 
simulation  programs  were  developed  one  based 
on  a  "jet  mixing"  model  and  the  other  on  a 
"droplet  burning"  model  for  simulating  the 
penetration  and  combustion  of  fuel  spray.  Both 
models  were  employed  separately  to  study  the 
effect  of  various  fuel  injection  equipment  (f.i.e.) 
parameters  or  fuel  spray  and  also  to  match  the 
f.i.e.  to  DI  Diesel  engine  of  differen,  types  [2). 
However,  no  attempts  were  made  to  combine 
the  two  models  into  one  comprehensive 
simulation  package  such  that  the  combined 
effect  of  jet  mixing  and  droplet  burning  could  be 
taken  into  consideration. 

This  paper  reports  on  the  recent  developments 
of  the  simulation  models  and  also  the 
assessment  of  their  individual  merits  in  order  to 
formulate  a  single  combustion  model  for  the 
medium  and  small  size  DI  Diesel  engines. 

THE  COMBINED  SIMULATION  MODEL 

The  new  simulation  program  is  based  primarily 
on  "jet  mixing  model",  together  with  an  engine 
cycle  model  based  on  a  modified  air  standard 
cycle.  Fig.  1.  The  combustion  formulation 
assumes  that  air  entrainment  is  controlled  by  an 
elemental  and  multizone  jet  and,  after 
impingement,  by  an  elemental  wall  jet.  Fig.  2. 
The  fuel  -  air  mixing  within  the  jet  (micro 
mixing)  is  controlled  by  turbulent  diffusion. 

The  jet  interaction  is  determined  by  the  spray 
envelop  geometry  and  when  interaction  is 
detected,  the  entrained  air  is  assumed  to  be 
shared  by  the  sprays  using  a  single  'global' 
model.  Fig  3. 

The  air  entrained  by  the  gas  jet  at  any  instant 
quantifies  the  larger  scale  mixing  (maao 
mixing)  of  inject^  fuel  and  air  in  the  chamber. 
MiCTo  mixing  is  represented  by  a  simple 
representation  of  turbulent  diffusion. 
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The  engine  cycle  is  divided  into; 

i)  Close  Cycle  Calculations 

a.  Compression  period  (1-2) 

b.  Combustion  period  (2-3) 

c.  Expansion  period  (3-4) 

ii)  Open  Cycle  Calculations 

a.  Blowdown  period  (4-5) 

b.  Exhaust  period  (5-6) 

c.  Overlap  p>eriod  (6-7) 

d.  Suction  period  (7-8) 

e.  Pre-compression  (8-9) 

Tlie  model  utilises  two  types  of  combustion 
calculations  (A)  analysis,  (B)  synthesis.  Fig.  4. 
Analysis  is  required  to  interpret  a  given  cylinder 
pressure  diagram  in  terms  of  the  release  of  heat 
by  combustion  to  account  for  the  known 
changes  in  pressure.  In  this  way  data  relevant  to 
combustion  process  are  obtained  from  the 
diagram  of  cylinder  pressure  as  a  function  of 
crank  angle  measur^  on  a  running  engine. 

The  heat  release  diagram  obtained  from 
analysis,  is  checked  against  the  heat  release 
diagram  predicted  by  synthesis.  The  procedure 
assumes  a  single  zone  approximation  i.e. 
conditions  of  pressure,  temperature  and  gas 
composition  are  taken  as  uniform  throughout 
the  cylinder. 

Synthesis  is  the  reverse  procedure,  the 
calculation  of  cylinder  pressure  and  hence 
engine  performance  parameters  from 
combustion  equations  that  leads  to  the 
calculation  of  heat  release  rate. 

A  computer  program  called  'Heat  Release’  is 
used  for  the  analysis.  In  this  program,  the  heat 
release  and  work  output  are  calculated  from  the 
measured  values  of  cylinder  pressure  together 
with  data  on  engine  geometry  and  air/fuel  ratio. 
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The  basis  of  the  calculations  in  this  program  is 
the  application  of  the  first  law  of 
thermodynamics  to  the  cylinder  contents. 

The  synthesis  is  the  main  program  called  'Diesel 
Engine  Simulation'.  Here,  for  a  given  set  of 
initial  conditions  and  fuel  injection  rate 
diagram,  the  program  calculates  pressure  and 
temperature  values,  heat  release,  power  and  fuel 
consumption  for  one  engine  cylinder.  The 
model  only  considers  the  thermodynamics  and 
fluid  mechanics  of  the  combustion  process  and 
does  not  include  chemical  kinetics. 

It  should  also  be  noted  that  the  'Diesel  Engine 
Simulation'  program  (for  quantitative 
considerations)  requires  the  total  mass  of  fuel 
injected  and  the  rate  of  fuel  injection  as  input 
data.  These  two  parameters  are  obtained  from 
the  line  pressure  and  the  needle  valve  lift 
diagrams.  Here,  numerical  arrays  representing 
the  line  pressures  and  the  needle  valve  lifts  are 
fed  into  a  program  called  'Fuel  Injection'  and  the 
required  outputs  are  obtained  for  any  type  of 
nozzle  configuration. 

The  synthesis  calculations  are  supplemented  by 
a  "droplet  burning"  subroutine  (Jj.  This 
subroutine  is  almost  entirely  confined  to  the 
'closed'  period  in  the  cycle  and  is  only  used 
when  detailed  analysis  is  required  viz  when 
different  quality  fuels  are  being  tested  and/or  for 
emission  calculations.  It  considers  the  injection 
of  the  fuel  and  its  evaporation.  The  life  span  of 
each  element  of  fuel  spray  and  the  droplets 
within  the  elements  are  monitored  at  given 
time  intervals  (usually  one  degree  crankangle). 
The  evaporation  of  the  droplets,  the  mixing  of 
the  vapour  with  air  within  each  element  of  the 
jet  and  their  combustion  is  examined  at  each 
step  The  heat  released  by  combustion  is 
calculated  by  a  set  of  differential  equations 
considering  heat  transfer  to  engine  block  and 
coolant  leading  to  the  prediction  of  cylinder 
pressure  variations  during  the  engine  cycle. 

This  subroutine  performs  the  following 
calculations: 

i)  heat  transfer  coefficient  calculation  using 
Woschni  formula  (4J 
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ii)  heat  transfer  to  coolant  [5]  other  heat  losses  [6] 

iii)  rate  of  droplet  evaporation 

iv)  relative  velocity  of  fuel  droplet 

The  two  pressure  variations  obtained  from  the 
synthesis  and  the  above  subroutine  can  be 
compared  and  therefore  both  'rate'  and 
'magnitude'  tolerances  may  be  reduced  using  an 
iterative  technique.  Successful  matching  can 
then  lead  to  the  calculation  of  engine 
performance  parameters  and  emissions. 

If  at  least  one  set  of  experimental  data  on  the 
injection  characteristics  viz  line  pressure  and 
needle  lift  diagrams  together  with  an  actual 
engine  pressure  oscillogram  are  available,  an 
'analysis'  evaluation  can  be  carried  out  between 
experimental  and  predicted  data.  Good 
correlation  can  lead  to  quantitative  prediction  of 
performance  parameters  and  emissions. 

Fig.  5  shows  the  experimental  and  predicted 
results  for  210  mm  diameter  bore  engine 
running  on  diesel  oil.  The  droplet  burning 
subroutine  eliminated  the  need  for  estimating  a 
number  of  empirical  coefficients  viz  the 
entrainment  factor  and  diffusivity  constants. 
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Chlorinated  liydrocarbons  (CIIIC)  have  been  used 
on  a  large  scale  by  indii.stry  either  as  raw  materials 
for  products  or  as  solvents;  with  both  cases  often  pro¬ 
ducing  large  amounts  of  these  chlorocarbons  as  wastes. 
Reasonable  methods  for  effective  destruction  of  these 
('UK's  include;  conversion  to  IICI  and  COj  (oxida- 
lion/incineralion)  or  conversion  to  HCl  and  hydrocar¬ 
bons  (pyrolysis  in  a  hydrogen  or  methane  rich  atmo¬ 
sphere.  There  is,  therefore,  a  significant  need  to  develop 
<|imntit.stive  insights  into  the  mechanisms  of  these  py¬ 
rolysis  and  oxidation  reactions  in  order  to  lietter  un- 
ileisland  and  utlimately  to  optimise  these  reaction  pro¬ 
cesses  and  the  conversion  of  chlorocarbons  by  incinera¬ 
tion.  In  this  paper,  we  present  results  from  an  exper¬ 
iment, si  study  on  dichloroinethane  (D('M)  reactions  in 
//j/Oj  atmospheres  and  a  detailed  kinetic  model  based 
upon  fundamental  therniocliemiral  principles  for  the 
le.sgent  and  product  concentration  profiles  versus  time 
and  temperature.  .Sensitivity  analysis  on  the  model 
'  leaily  shows  which  reactions  are  important  to  inliibi 
lion  and  leads  to  a  better  iindersfanding  of  the  fiinda 
mental  combustion  process  which  occur  during  the  in- 
cineialion  of  C/fjC/j  and  similar  chlorinated  meth.mes; 
here  we  focus  on  the  reactions  which  cause  inhibition 
In  CO  burnout  and  acceleration  in  fuel  rich  pyrolysis 
leginies. 

The  thermal  decomposition  of  rllchlorometliane  in 
In 'lingen/oxygen  iiiixtiiies  with  aigon  bath  was  carried 
out  at  I  atmosphere  total  pressuie  in  tubular  flow  re¬ 
al  lois  of  '.aried  suiface  to  volume  (S/V)  ratio.  V'arying 
leaclor  surface  to  volume  ratio  helps  verify  llial  ho 
mogeneons  reaction  dominates  the  observations  and  al¬ 
lows  one  to  decouple  the  apparent  wall  ami  bulk  pha,se 
decomposition  rates.  The  reactions  were  analyzed  sys¬ 
tematically  over  temperature  ranges  from  600  to  820 
with  aver,lge  residence  times  Iretween  0. 1  to  2.0  seconris. 

It  was  found  that  complete  decay  (  00%  )  of  the 
dichloromethane  at  I  second  residence  time  occurs  at 
about  820’’C  for  all  the  reactants  ratio  sets.  The  major 
pr<Mlncts  for  dichloromethane  decomposition  are  methyl 
chloride,  methane,  C'O,  and  IICI.  The  quantity  of  chlo- 
riimled  products  decrease  with  increasing  temperature 
and  residence  time.  Oxygen  has  almost  no  elfect  on 
the  decay  of  dichloromethane  when  conversion  is  Irelow 
■'i0%  (less  than  7')0’’f.’)  and/or  the  initial  oxygen  con¬ 


centration  is  below  5%.  Formation  of  CH^d  as  one  of 
the  major  products  from  CHiClj  increases  to  a  max¬ 
imum  when  conversion  of  dichloromethane  is  at  80%; 
and  this  is  observed  for  all  reactant  ratio  sets.  CII3CI 
then  drops  quickly  with  increasing  temperature  and/or 
increased  oxygen.  The  higher  the  ratio  of  Oj  to  llj,  the 
lower  the  temperature  needed  to  observe  the  formation 
of  CO  and  COj-  The  major  products  when  conversion 
is  above  90%  are  IICI  and  non  chlorinated  hydrocar¬ 
bons  ;  Cllt,  Cjf/j.  Ctlli,  CO,  and  COi-  Minor  inter¬ 
mediate  products  whose  concentrations  are  also  moni¬ 
tored  Include:  CjlljCI,  CHClCIICI,  and  ClUCCIt. 

A  first  order  plug  flow  model  was  utilized  to  analyze 
the  overall  (global)  experimental  data  on  CWjC/j  loss. 
In  addition  the  homogeneous  and  wall  rale  constants 
were  decoupled  and  separately  evaluated.  The  following 
Arrhenius  rate  expressions  were  found  to  fit  the  overall 
reaction  systems  studied. 


At  .02  .Ih  -  DC M 

k  (1/sec) 

97  :  1  :  !  :  1 

k  =  3.76  X  10'^  X  ex p(- 09982/ ff7') 

95  :  2  :  2  :  1 

k  =  5.00  X  10”  X  exp(-00105//r/'l 

95  :  3  :  1  :  1 

k  -  2.25  X  10”  X  exp(-720l5//f7  ) 

95  :  I  :  3  :  I 

k  =  4.25  X  lO”  X  cxp(-61969//?7') 

A  detailed  kinetic  reaction  mechanism  was  devel 
oped  and  used  to  model  results  obtained  from  the  ex¬ 
perimental  reaction  .system.  The  kinetic  mechanism  in¬ 
cludes  M2  elemenl-iry  reaction  steps  involving  67  stable 
compound  and  free  radical  species  with  the  addition, 
beta  scission  and  recombination  type  reactions  all  an¬ 
alyzed  by  Quantum  Rice-Ramsperger- Kassel  (QRRK) 
theory  ll)[2), 

F.xperimcntal  data  are  compared  with  model  predic¬ 
tions  for  reagent  decomposition  and  product  distribu¬ 
tion  between  fOO^C  and  SOO'C.  The  calculated  mole 
fractions  for  ClljClj  are  in  very  good  agreement  wiih 
those  determined  experimentally.  For  CO.  Cll\,  and 
CII3CI,  model  predictions  are  also  in  reasonable  ac¬ 
cord  with  the  ex|)erimental  data.  The  model  prerlicts 
the  mole  fraction  levels  of  COj  versus  time  and  tem¬ 
perature  reasonably  well,  where  it  slightly  over-predicts 
COj  at  higher  temperature;  when  compared  to  the  ex¬ 
periment  and  it  nnder-predicts  chlorinated  f7,  pinducls 
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Sensitivity  analysis  indicates  that  the  reaction; 

on  +  HCI  — »  HjO  +  Cl 

is  a  major  cause  of  OH  loss  and  this  decrease  in  Oil  ef¬ 
fectively  stops  the  on  +  CO  conversion.  The  reaction 
of  CO  +  HOt  is  now  the  primary  mechanism  for  CO 
hurnout  to  COj.  In  chlorocarbon  oxidation  reactions, 
the  OH  reaction  with  HCI  will. occur  in  preference  to 
reaction  with  CO  because  of  the  higher  rate  constant, 
when  chlorocarbons  which  lead  to  HCI  levels  compara¬ 
ble  to  those  of  CO  are  present. 

The  reaction  of  Cl  +  HOj  part  of  which  goes  to 
nCl  -I-  O2  (termination),  now  becomes  an  important 
part  of  the  inhibition  process,  because  decreased  CO 
burnout  decreases  the  temperature.  This  synergistic 
effect  makes  the  //Oj  radical  even  more  important,  be¬ 
cause  its  unimolecular  decomposition  is  slowed. 

The  model  tells  us  one  more  interesting  component 
relating  to  the  effects  of  chlorocarbon  inhibition.  The 
addition  of  limited  quantities  of  high  temperature  HjO 
to  the  oxidation  system,  where  Cl  or  oxygen  atoms  are 
present,  shifts  the  reactions  of: 

on  +  nci< — .  n^o  +  ci 

and 

on  +  on  > — .  //jO  +  o 

to  h'f(  increasing  the  Oil  roncentralions  an<l  helping 
CO  l  onversion. 

We  also  observe  that  chlorocarbons  initiate  reaction 
in  furl  rich  regions  of  CK'/HC/O?  mixtures  faster  than 
occurs  in  normal  oxidation  of  hydro<  arbons.  This  re¬ 
sults  in  more  pyrolysis  or  moirrtdar  weight  growth  reac- 
liotis  in  (he  fuel  rich  zones  and  increa.sed  possibility  of 
soed  formation.  The  reason  for  the  increased  HC  rear- 
lions  is  again  the  presence  of  chlorine.  Carbon-chlorine 
bonds  are  known  to  he  weaker  than  rarbon  bydrogen, 
rai  bon  rarbon  or  rarbon -oxygen  bonds  and  thus  the  (% 
Cl  bond  will  break  (chain  branrhing)  at  lower  temper 
atnre.  I’he  Cl  atoms  generated  will  rapidly  abstract 
II  from  the  hydrocarbons,  (low  activation  ertergies  and 
relatively  high  Arrhenius  A  factors),  thus  extending  the 
chain, 

rite  inhibition  effect  is  doirrinant  in  the  (.'O  bttr  nout 
regime  and  significant  levels  of  MCI  ran  drarnatirally 
effect  conversion. 
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ABSTRACT 


The  paper  Is  devoted  to  study  of 
eave-lclnetlc  Interactions  in  active 
medium.  The  attempt  of  a  new  way  des¬ 
cription  of  pulsating  cellular  struc¬ 
ture  of  gas  detonation  front  Is  under¬ 
taken  In  the  paper.  The  use  of  self- 
organization  theory  methods  Is  non- 
tradltlonal  approach  to  the  modelling 
of  detonations .The  developed  non¬ 
linear  model  Is  very  convenient  lor 
numerical  simulation  of  the  processes 
of  detonation  wave  evolution.  In  prac¬ 
tice  detonations  often  Is  undeslred 
and  dangerous  phenomenon .  When  one 
designs  a  furnace,  reactor,  combustor, 
engine  and  so  on  It  needs  to  take  the 
additional  precautions  against  the 
detonation  regime.  A  great  number  of 
the  opposite  applied  problems  also 
exists.  For  successful  solution  of 
these  problems  It  Is  necessary  to 
understand  In  detail  the  physical 
factors  affecting  the  detonation 
process.  The  great  number  of  experi¬ 
ments  shows  that  gas  detonation  fronts 
as  a  rule  have  a  non-steady  three- 
dimensional  structure.  Planar  statio¬ 
nary..  (In  the  model  of  Ya.B.  Zeldovlch. 
W .  Dorlng  and  J .  von  Neumann  (13) 
detonation  waves  appear  to  be  unstable 
with  respect  to  small  transverse  per- 
tiucbatlons  with  wavelength  of  the  same 
order  of  magnitude  with  the  Induction 
zone  size  (2.3).  Infinitesimal  dis¬ 
turbances  In  non-equlllbrium  medium 
can  Increase,  their  Instability  deals 
with  the  transition  of  Internal  ener¬ 
gy  of  the  system  Into  the  energy  of 
waves.  The  structures  of  finite  ampli¬ 
tude  appeeu*  as  a  result  of  competition 
between  a  dissipative  gas-dynamic 
mechanism  and  perturbation  energy 
pisnplng  duo  to  reaction  thermal 
release.  In  practice  It  Is  very  Impor¬ 
tant  to  be  able  to  predict  the  mean 
size  of  detonation  front  Inhomogenel- 
tles  for  determination  of  detonablllty 
limits  and  critical  tube  diameter. 

The  Initial  formulation  of  the 
problem  Involves  three-dimensional 
equations  of  perfect  gas  dyneunlcs  with 
one-step  chemical  reaction  (kinetics 


Is  of  Arrhenius  typo).  One  can  repre¬ 
sent  detonations  In  form  of  super¬ 
position  of  Zeldovlch' s  plEuiar  statio¬ 
nary  wave  and  unsteady  three- 
dimensional  perturbations.  Initially 
these  perturbations  are  Infinitesimal. 
The  wavelength  of  transverse  pertur¬ 
bations  Is  supposed  to  be  much  more 
than  the  amplitude  of  front  curvature. 
Conserving  only  the  terms  of  the  1st 
order  Infinitesimal  we'll  seek  the 
solution  of  linearized  system  (In  the 
vicinity  of  the  shock  front)  In  form 
of  superposition  of  harmonics.  Then 
for  the  front  surface  we'll  obtain  the 
equation: 

x-x^  =  F(t,y,z)  =  f^^expiQt  +  lkjyi-ig^z) 

the  subscript  "o"  marks  the  values  of 
variables  at  the  shock  front  of  sta¬ 
tionary  detonations.  The  solutions  of 
unsteady  linear  problem  can  be  written 
In  the  form  of  superposition  of  chemi¬ 
cal  and  gas-dynamic  wave  modes  with 
indefinite  coefficients.  One  can  write 
the  conditions  of  conservation  of 
reactant  concentration,  mass  flux, 
normal  and  tangential  momentum  flux 
components  at  the  perturbed  shock.  The 
condition  of  compatibility  leads  to 
the  relation  Q  (36)  (4-6],  where  36  Is 
two-dimensional  wave  number: 

Im  (  )  =  C(  D  )  X  (1 ) 

Re  (  n  ;  =  -  36  +  (a  36^  -  36^*  (?) 

where  a  =  (1  -  P-/p  )  (E/RT  )  , 
o  o 

'  I  { yC^-  }  '3' 

b=f;8  D  -10)/3^^^  .  d=D^t5lf+3D-9 

P  Is  the  density,  T  Is  the  tempera¬ 
ture,  E  Is  the  activation  energy,  fl  Is 
the  universal  gas  constant,  D  Is  the 
planar  detonation  wave  speed.  C  Is  the 
velocity  of  transverse  waves,  p  Is 

the  density  of  unpertvtrbed  gas  ahead 
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of  the  detonation  wave.  All  the  vari¬ 
ables  are  normalized  using  the  time 
and  the  length  of  chemical  transforma¬ 
tion  zone,  and  T  .  Linear  relation 
o  o 

(2)  predicts  the  amplification  of  weak 
harmonics  with  the  wavelengths  X  from 
the  InteJTval : 

4  1C  a 

—== -  (4) 

y4a  +  1  +  1 

The  reason  of  amplification  Is  the 
pumping  of  perturbation  energy  due  to 
the  heat  release  of  Irreversible  re¬ 
action.  Long  wavelenth  harmonics  are 
attenuated  due  to  gas-dyncunlc  dissipa¬ 
tive  mechanism. 

If  one  treats  each  small  part  of 
a  weakly  distorted  shock  wave  front 
approximately  as  a  planar  wave  propa¬ 
gating  along  the  normal  at  the  velo¬ 
city  D  ,  then  the  velocities  of  dif¬ 
ferent  front  sections  In  the  direction 
of  T-axls  are  different  and  the  curva¬ 
ture  decreases.  This  mechanism  Is  des¬ 
cribed  by  the  non-llnear  terms  of  the 
evolution  equation  [7]  : 


OF 

D  ■ 

dt 

2 

[  dy  J 

[dz\  . 

The  non-linearity  can  stabilize  the 
solution  by  redistributing  of  energy 
in  the  spectrum  between  Increasing  and 
subsiding  harmonics.  In  two- 
dimensional  case  the  solution  of  equa¬ 
tions  (2)  and  (5)  both  leads  to  form¬ 
ing  of  quasi -stationary  periodic  cel¬ 
lular  structure  (see  Flg.1).  Trivial 
solution  Is  used  as  Initial  condition. 


Flg.1  The  cellular  structure;  time: 

O;  17.5;  20:  22.5:  25. 

For  numerical  simulation  of  the  solu¬ 
tion  the  spectral  method  (fast  Fourier 
transform)  is  used,  the  non-llnearlty 
l.s  calculated  with  the  help  of  finite- 
differential  scheme. 

If  one  takes  Into  account  Itn(tt) 
(gas-dynamic  oscillatory  regime)  then 
the  solution  tvums  out  to  be  essen¬ 
tially  unsteady . Cyclic  motion  of  tran¬ 
sverse  waves  appears.  The  picture 
looks  like  the  natural  pulsating  deto¬ 
nation  front  In  plane  channel  (see 
Plg.2).  The  velocity  of  transverse 
waves  Is  approximately  0.4  D  (a 
velocity  of  (0.58  +  0.05)  D  Is  found 
In  experiments ) . 


/ie(F) 


If  one  follows  the  trajectories 
of  the  angled  points  of  the  front  (see 
dotted  lines  In  Plg.2)  then  the  scheme 
reproducing  the  detonation  Imprints  on 
the  sooty  channel  wall  can  be  obtain¬ 
ed. 

The  comparison  of  theoretical 
results  with  experimental  data  shows 
that  this  simple  quasl-llnoar  evolu¬ 
tion  model  Is  able  to  predict  certain 
reliable  Information.  In  spite  of  the 
existence  of  large  gas  parameters’ 
variations  behind  the  natural  pulsa¬ 
ting  detonation  front  relatively  to 
the  stationary  values  the  used  quasl- 
llnear  approach  turns  out  to  be  admis¬ 
sible.  Apparently  the  cause  Is  that 
the  deviation  of  the  state  of  all  gas 
mass  from  the  state  In  planar  statio¬ 
nary  detonation  wave  Is  In  general 
sufficiently  weak.  It  would  be  Intere¬ 
sting  to  try  to  euiswor  with  the  help 
of  the  model  some  questions  which  are 
not  clear  yet. 

The  first  one:  The  experiments 
(8)  show  that  regular  cellular  struc- 
txu-e  of  detonations  Is  destroyed  as 
the  activation  energy  Increases.  This 
Is  not  quantitative  effect  but  one  can 
obsem^e  cells  of  quite  different 
sizes.  The  regularity  also  depends  on 
the  Intensity  of  detonation  wave  and 
adiabatic  exponent  7  •  There  is  no 
any  theoretical  model  now  to  explain 
this  dependence.  But  It  Is  easily  seen 
from  the  equation  (2)  for  real  part  of 
n  or  equation  (4)  that  the  width  of 
the  unstable  harmonics  region  In  the 
spectrum  Is  a  function  of  parameter  O.. 
So  the  larger  (1  ,  the  larger  quantity 
of  unstable  harmonics  which  present  In 
solution,  therefore  the  regularity  of 
the  cellular  structure  disappears. 
If  one  would  remind  the  expression 
for  a  one  would  see  that  It  Is  pro¬ 
portional  to  activation  energy  and 
depends  on  the  wave  Intensity  and  7  • 
This  la  very  clear  physical  explana¬ 
tion  for  the  Interesting  experimental 
observation.  The  results  of  calcula¬ 
tions  as  a  =  3,  5,  7  are  represented 
In  Fig. 2-4  to  Illustrate  this  effect. 
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Fig. 3  Pulsating  regime,  <1  =  5. 


The  second  problem  Is  connected 
with  so-called  "13  \  -  correlation" 
of  critical  tube  diameter  .  When 

the  planar  detonation  wave  emerges 
Into  a  volume  or  when  the  detonations 
propagates  In  the  channel  with  elastic 
walls  then  rarefaction  waves  ceui  tran¬ 
sform  It  to  the  deflagration  regime. 
There  Is  the  qualitative  criterion 
which  states  that  critical  radius  of 
the  tube  equals  to  effective  thickness 
of  detonation  wave  Ajj  .  This  thick¬ 
ness  Is  the  dlsteuice  from  the  shock 
front  to  the  equilibrium  Chapman- 
Jouguet  plane.  But  the  pmblem  of 
Chapman- Jouguet  plane  position  Is  very 
complicate  and  Isn't  solved  yet,  so  in 
practice  this  criterion  turns  out  to 
be  useless. 

On  the  basis  of  the  model  presen¬ 
ted  hero  one  could  try  to  formulate  a 
new  criterion.  First  of  all  there  Is  a 
certain  characteristic  time  of  the 
process  which  could  be  Included  In  new 
criterion.  Namely.  It  1  the  time  of 
forming  of  cellular  structure 

which  must  be  not  more  than  time  of 


rarefaction  wave  propagation  to  the 

tube  axis  2C  ‘  criterion 

notes  the  competition  of  two  opposite 
physical  mechanisms.  The  rarefaction 
waves  tend  the  front  to  become  smooth, 
but  the  sharp  folds  are  the  origins  of 
fast  reaction  and  without  them  detona¬ 
tions  transforms  to  deflagration.  So 
the  critical  condition  requires  the 
time  of  fold  forming  to  be  eqt;ial 

to  tj,  .  In  other  words  the  time  of 

forming  of  cell  structure  must  be 
equal  to  the  time  of  Its  destruction. 
May  be  there  Is  a  certain  physical 
connection  between  this  new  criterion 
and  the  traditional  one. 

The  experiments  t8]  show  that 
critical  tuba  diameter  can  be  two 
times  more  or  less  than  13  cell  sizes, 
the  criterion  d^  =  1 3  A,  Is  not 

universal  and  depends  on  the  kinetics 
of  reaction.  Except  this  the  critical 
diameter  Is  approximately  Inversely 
proportional  to  the  wave  intensity. 
The  represented  model  could  explain 
these  facts.  In  calculations  the  cha¬ 
racteristic  time  of  forming  of  cellu¬ 
lar  structure  grows  as  Q  decrea¬ 
ses.  This  Is  due  to  proportionality  of 
Increment  Rs  (Q)  to  (X  .  The  larger 
real  part  of  0  the  less  time  and 

the  less  relation  of  critical  tube 
diameter  per  cell  size.  For  01  =3  and 

01  =5  the  relations  differ  appro¬ 

ximately  two  times. 

Thus  the  developed  approximate 
mathematical  model  for  the  evolution 
of  gas  detonation  front  helps  us  to 
explain  the  physical  essence  of  cer¬ 
tain  phenomena.  Particularly  it  shows 
the  great  significance  of  parameter  CL 
(proportional  to  activation  energy,  7 
and  Intensity  of  shock  wave)  lor  des¬ 
cription  of  the  dynamics  of  gas  deto¬ 
nations  . 
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The  flow  field  in  a  combustion 
chamber  during  its  operation  is  often 
evaluated  on  the  basis  of  measurements 
carried  out  with  isothermal  flow.  To 
make  this  evaluations  properly  it  is 
necessary  to  know  the  effect  of  combus¬ 
tion  on  deformations  of  the  flow  field. 

This  paper  presents  a  theoretical 
study  of  the  influence  that  the  chemi¬ 
cal  reaction,  particularly  combustion, 
lias  on  the  dilatation  of  flow.  The 
lethod  based  on  phenomenological  theory 
of  balancing  was  used  to  study  the  di¬ 
latation  of  the  sub.stantial  region  of 
talancing  as  well  as  the  componentia 1 
leTions  for  the  case  of  the  gas  phase 
>sa'-t,ion  in  the  steady-state  condi- 
t i ons . 

The  paper  proves  that  the  dilata¬ 
tion  of  ttie  reacting  flow  can  be  ’x- 
rressed  as  a  superposition  of  three 
phenomena:  baroclinic  dilatation,  ther¬ 
mal  dilatation  and  kinetic  dilatation. 

Baroclinic  dilatation  for  both 
types  of  regions  is  caused  by  the 
pressure  gradient  in  flow  mixture. 

Thei...J!l  dilatation  for  both  types 
f  regions  is  caused  by  the  thermal 
gradient  which  results  from  the  thermal 
effect  of  a  chemical  reaction. 

It  was  demonstrated  that  the  ef¬ 
fect  of  thermal  gradient  is  opposed  to 
the  effect  of  pressure  gradient. 


Kinetic  dilatation  of  the  substan¬ 
tial  region  is  a  phenomenon  caused  by 
the  concentration  gradient  which  re¬ 
sults  from  the  conversion  of  mass. 

Kinetic  dilatation  of  the  i-th 
componential  region  is  a  phenomenon 
caused  by  two  factors: 

-  flow  of  the  i-th  mass,  which  results 
from  the  fact  that  the  concentration 
gradient  of  this  mass  does  exist: 

-  flow  of  the  i-th  mass  through  the 
region  with  variable  concentration 
of  other  components. 

It  i.9  shown  that  the  dilatation  of 
the  substantial  region  is  not  the  al¬ 
gebraic  sum  of  the  dilatations  of  com- 
ponential  regions. 

In  the  case  of  kinetic  combustion 
the  dilatation  of  every  componential 
region  is  equal  to  the  dilatation  of 
the  substantial  region. 

In  the  case  of  diffusion  combus¬ 
tion  the  kinetic  component  of  the  dila¬ 
tation  of  the  substantial  region  disap¬ 
pears  . 

On  the  basis  of  solutions  obtained 
for  general  case  of  combustion  the  an¬ 
alysis  of  flow  dilatation  in  a  sector 
of  an  annular  combustion  chamber  is 
presented . 
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GENESIS 

Electro-chemical  pulsejet  combines  the  pulse 
combustion  technology  [1|  with  electro-chemical  ef¬ 
fect,  that  consists  in  flame  acceleration,  when  the 
flame  i;  affected  by  an  electric  discharge  |2). 

The  development  of  pulse  combustors  was  ini¬ 
tiated  in  the  thirties,  when  P.  Schmidt  obtsiined 
a  German  patent  on  mechanically  valved  pulsej'et 
(Fig.  la).  The  engine  consists  of  a  combustion 
chamber  and  a  long  exhaust  pipe.  The  combustion 
in  the  chamber  promotes  a  pressure  buildup.  This 
in  turn  starts  expansion  and  then  vacuum  forma¬ 
tion  as  a  result  of  inertia  of  the  flow.  The  partial 
vacuum  opens  the  check  valve  and  begins  recharg¬ 
ing  the  combustion  chamber  with  fresh  combustible 
mixture.  Interaction  between  the  fresh  mixture  and 
the  remainder  of  the  combustion  products  from  the 
previous  cycle  reignites  the  mixture  and  initiates  a 
new  cycle. 

In  the  late  forties  J.  Bertin  designed  a  pulsejet 
equipped  with  an  aerodynamic  valve.  Operation  of 
the  valve  is  controlled  by  inertia  of  the  flow  in  both 
directions.  The  design  rendered  the  engine  void  of 
any  moving  parts  and  its  operation  is  exclusively 
controlled  by  the  interaction  of  termofluid  effects 
and  the  geometry  of  the  engine  (Fig.  lb). 


Fig.  1  Mechanically  valved  pulse¬ 
jet  (a)  vs.  aerovalved  pulsejet  (b) 


Low  efficiency  of  these  engines  (resulting  from 
low  compression  ratio)  made  it  impossible  for  them 
to  compete  with  other  aircraft  and  missile  engines, 
and  the  engines  such  as  turbojets,  rockets  and  ram¬ 
jets,  gained  supremacy  and  the  interest  in  pulsejets 
declined. 


It  looks,  however,  that  by  application  of  more 
intensive  combustion  (exploiting,  for  example,  the 
electro-chemical  effect),  it  is  possible  to  increase  the 
compression  ratio  in  the  thermodynamic  cycle  and 
considerably  improve  thermal  efficiency  of  the  en¬ 
gine. 

OPERATION  OF  THE  ELECTRO-CHEMICAL 
PULSE-  JET 

A  schematic  of  the  electro-chemical  pulsejet  is 
presented  in  Fig.  2.  The  only  difference  between 
this  engine  and  the  standard  pulsejet  consists  in 
making  use  of  the  two  electrodes  which  are  attached 
to  the  combustion  chamber,  and  connected  to  a 
high  voltage  power  supply. 


Fig.  2  Electro-chemical  pulse¬ 
jet  as  an  autocyclomaton 

The  electric  discharge  is  triggered  automati¬ 
cally  at  the  instant  when  the  flame  occurs  between 
the  electrodes. 

ELECTRO  CHEMICAL  PULSEJET  AS  AN  AU¬ 
TOCYCLOMATON 

The  electro-chemical  pulsejet  may  not  only  raise 
some  interest  as  an  engine  that  has  potential  to  in¬ 
crease  both  efficiency  and  effectiveness  of  a  stan¬ 
dard  pulsejet  but  first  of  all  it  is  particularly  in- 
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teresting  as  a  self-controlled  thermal  system.  The 
engine  is  devoid  of  moving  parts  and  its  operation 
and  adaptation  to  the  varying  external  conditions 
is  based  solely  on  the  interactions  between  the  ge¬ 
ometry  of  the  system  and  the  multiphenomena  pro¬ 
cesses. 

Combustion,  which  drives  the  engine,  is  not 
only  a  source  of  heat  that  is  used  to  build  up  the 
pressure,  but  also  a  source  of  ions  that  control  the 
injection  of  electric  energy  to  the  system.  Expan¬ 
sion  not  only  increases  velocity  and  generates  thrust 
of  the  engine,  but  also  produces  partial  vacuum  that 
in  turn  effects  recharging  and  precompression,  and 
as  such  is  responsible  for  feedback,  which  allows  the 
engine  to  operate  on  the  cyclic  mode. 

All  these  attributes  permit  to  include  the  electro 
chemical  pulsejet  into  a  new  emerging  class  of  ther¬ 
mal  systems  termed  autocyclomata. 

GASDYNAMICS  OF  COMBUSTION  IN  ELECTRO 
CHEMICAL  PULSEJETS 


The  mechanism  of  reignilion  and  combustion 
in  the  electro-chemical  pulsejet  is  presented  in  Fig. 

3 

At  the  beginning,  the  combustion  chamber  is 
filled  with  hot  combustion  products  that  interact 
with  the  entering  jet  of  combustible  mixture,  ther¬ 
mally  and  aerodynamically.  In  the  frontal  region  of 
the  jet  a  toroidal  vortex  is  formed  and  the  mixture 
is  ignited  at  the  contact  surface  with  combustion 
products. 

The  ignition  is  transmitted  into  the  vortex, 
where  fast  burning  and  vortex  expansion  begin.  The| 
expansion  generates  pressure  wave  that  intensifies 
flame  propagation.  It  also  bridges  the  electrodes  by 
the  flame,  and  provokes  electric  discharge.  The  dis¬ 
charge  converts  fast  combustion  of  the  vortex  into 
explo.sion  which  strengthens  the  pressure  waves  and 
causes  the  upstream  flame  to  propagate  and  to  re¬ 
lease  heat  at  pressure  higher  than  in  conventional 
pulsejet.  This,  besides  all  other  effects,  should  in¬ 
crease  the  amplitude  of  pressure  variation  during 
the  operation  of  the  engine. 

EXPERIMENTAL  RESULTS 

Experiments  with  a  small  electro-chemical  pulse¬ 
jet  seem  to  confirm  the  above  conclusion.  It  was 
found  that  the  increase  in  amplitude  of  pressure 
pulsations  depended  on  the  kind  of  fuel,  shape  of 
the  combustion  chamber,  and  the  amount  of  elec¬ 
tric  energy  added. 

In  one  of  the  experiments  an  80%  rise  in  am¬ 
plitude  was  caused  by  only  .3%  increase  in  energy 
input  due  to  electric  discharge. 

The  3%  increase  in  chemical  energy  would  pro¬ 
duce  only  unnoticeable  rise  in  the  amplitude. 
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Fig.  3  Combustion  in  the  electro¬ 
chemical  pulsejet 

(1)  Entering  jet  of  the  combustible 
mixture 

(2)  Vortex  formation 

(3)  Reignition 

(4)  Vortex  explosion  due  to  electric 
discharge 

(5)  Pressure  wave 

(6)  Upstream  Flame 
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Let  IIS  consider  I  he  general  sc'heme  of  (*vn  I  erhno  1  og  i  es  we  are  iritorestod 
in.  I'he  starting  component  mixture*  flows  thrcuigh  the  renc*tor  where  it  is 
heated  up  tiy  moans  of  exterior  f'liergy  sour<*rs  so  that  chemical  leactions 
should  start,  fhc'  r  c*ac'  I  i  ons  occ*u  i-  r  i  lui  in  1  hr  hulk  or  on  I  he*  depos  i  t.  i  c»n 
surface  provide  desired  composite  m%l«*rial  pt  c*dm' I  i  on .  It.  she^uld  he  no¬ 
ted  that,  in  soni<»  cases  one  can  ot»ser\<'  the  formation  of  the  part.icles 
(  with  diameter  100  -  1000  |4  m  )  duiing  the  spontaneous  condensation  h(»- 
causc  I  he  react  ioti  prcxhicts  ate  i  ti  c'v^'i  sa  t  u  r  a  t  ed  slate  in  the  hulk.  This 
part  icle  foimati<‘>n  is  -a  nocessary  '‘cuid  1 1  ion  in  some  technologies  (  opi  i- 
cal  fiLer  lechtiology  )  while  in  otiu'is  It.  causes  homogeneily  changes  in 
deposited  layers  (  material  tecdmotogy  for  IR  optics  ). 

From  tlie  brief  slud>  of  t^VO  technologies  it.  follows  that  their  mathemati¬ 
cal  morirl  is  t  <»  Ik*  founded  ge|,p|-.al  equations  of  flow  dynamics  with 
non  -  eqii  i  1  i  hr  i  urn  c  heni  i  s  I  ry  arul  phase  I  cans  i  I  i  c)n  . 

The  simplification  of  starting  equation  is  cairif'd  out  considering  small 
parameters  <*haiacl  eri  st  ic  of  I  li'>  technologies  in  question:  Macrh  number, 
t  tie  luilk  part  erf  conderrsate  partif|<»s,  the  ratio  of  rharac  te  r  i  s  I  ir  mc>me- 
ritum  and  energy  cNchange  time  among  phases  to  characteristic  gas  dynamic 
time. 

Thus,  a  set  of  hyposonic  flow  equations  of  chemically  reacting  gas  mixtu¬ 
re  with  spontaneous  condensation  includes:  the  equations  of  mass,  momen¬ 
tum  and  energy  conservation  of  carrier  gas  mixture;  the  equations  of  mass 
conservation  of  l-th  gaseous  component  with  the  sources  caused  by  chemi¬ 
cal  I  frter*ac  t  Ion  and  phase  transition;  the  equation  of  pseudogas  mass  con¬ 
servation  of  condensate  particles  and  the  chain  of  Hill  moment  equations 
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for  condensate  particle  distribution  function  depending  on  sizes.  It 
should  be  noted  that  in  the  latter  equations  the  particle  velocity  vector 
is  represented  as  the  stun  of  velocities  of  the  carrier  gas  and  thermopho¬ 
resis.  In  spontaneous  condensation  simulation  the  cluster  formation  of 
critical  size  is  described  by  classical  Krankel-Zel * dov ich  relations  and 
the  particle  growth  of  beyond-cr i t i cal  size  is  d€‘scribed  by  Knudsen  rela- 
t  ions , 

This  mathematical  model  was  used  for  ntimerical  study: 

-  MCVD  technology  of  preform  fabrication  for  optical  fiber  -  here  the 

reactor  is  the  cylindrical  fused  silica  tube  (  with  diameter  0.02  m, 
length  1  m  )  ;  t.he  exterior  energy  source  is  the  traversing  oxyhydro- 
gen  torch;  the  starting  mixture  consists  of  ,  Sifl^  ,  GeCl  ;  the 

condensed  SlOgi^  particles  doped  with  GeOj^  are  formed  during  spontane¬ 
ous  condensation  of  oxidation  products  of  »'orrespond i ng  chlorides 

(  these  reactions  occtir  at  T  >  1300  K  )  and  deposited  on  the  interior 
lube  wall. 

-  *'AI)  technology  of  preform  fabrication  for  optical  fit>er  -  In  Ibis  case 

the  rea<'tor  is  the  cylindrical  chamber;  the  doped  condensed  par¬ 

ticles  are  rormc<l  in  flame  of  oxyhydrogen  torch  and  deposited  on  rota- 
t  j  ng  susceptor . 

-  CVD  tpchnoloRy  of  pol  ycrystatl  i  ne  zinc  selenide  [growing  -  here  tlie  sta¬ 
rting  components  are  llj^  Se,  zin<;  vapour  and  argon  which  flow  through 
the  ticated  rectangular  reactor  under  pressure  of  5  ki’a;  the  deposition 
siirfaeoB  are  reaetor  walls. 

fJompiite  Simula!. ion  these  problems  made  it  possible  to  study  special  fe.n- 
ture  of  gas  dynamics,  heat  and  mass  exchange  in  these  technologies  appli¬ 
cation,  the  naltir.'il  convection  influence  on  deposition  effectiveness,  the 
dependence  of  deposited  layer  thickne.s.s  upon  ba.sic  technological  parame¬ 
ters  . 


X-156 


lUTAM  Symposium  on 
AerotheTtnodynamica  in  Combuatora 
June  3-5,  1991,  Taipei 


ON  COMBUSTION  WITH  BI-FLAT  JETS 
ATTACHED  TO  THE  WALLS 


Wei  Jing-Bin* 

Institute  Superior  Tecnico 
Technical  University  of  Lisbon 
Department  of  Mechanics  Engineering 
Av.  Rovisco  Pais,  1096  Lisboa  Codex 
Portugal 


ABSTRACT 

A  new  type  of  combustion  method  with  bi¬ 
flat  jets  was  developed  following  the  previous 
studies  on  single  flat  jet  combustion  ( Wei,  et 
al,  1986  and  1990)  and  presented  in  this 
paper. 

There  are  three  kinds  of  elementary  jets, 
that  is  swirling  jet,  round  jet  and  flat  jet.  They 
are  used  in  various  channel  combustors 
designed  with  the  aims  of  enhancing 
combustion  effeciency  and  reducing 
emissions  of  NOx,  SOx  and  particles 
(Gupta,  1976,  Kelly,  1980,  Fu,1986,  Smart, 
1989). 

The  research  on  the  flat  jet  is  noticeable 
and  interesting.  Generally,  flat  jet  might  form 
two  dimensional  flow  with  symmetric  spread 
in  an  unconfined  space.  But  it  will  become 
either  symmetric  flow  or  asymmetric  one  in  a 
confined  channel.  It  depends  on  Re  and  M 
numbers  based  upon  the  entry  conditions 

and  fluid  properties  (  Cherdron,  durst  and 
Whiteiaw,1978,  Cliffe,1982,  Sobey,  1986, 
Richard,  1988  ).The  studies  indicated  that 
there  were  two  small  symmetric  recirculation 
flow  regions  behind  each  step  separated 
from  the  main  flow  by  shear  layers  at  low  Re 
number.  But,  when  Re  number  is  over  critical 
value  with  same  geometry,  the  flow  mode 
transformed  from  symmetry  to  asymmetry. 
Durst,Melling  and  Whitelaw(1974)suggested 


that  the  asymmetry  of  the  flow  was  caused  by 
small  disturbances  generated  in  the  shear 
layer  between  the  main  flow  and  reversed 
flow.  The  asymmetric  flow  is  a  steady 
structure  based  on  Coanda  effect. 

The  single  flat  jet  combustor  was  an 
application  of  the  asymmetric  flow.  It  can 
stabilize  flame  using  small  and  large 
recirculation  zones  located  at  both  sides  of 
the  main  flow. 

So  far,  the  research  performed  has  only 
involved  a  single  flat  jet  as  quoted  above. 
Although  the  combustor  had  good  ability  of 
flame  stabilization,  but  the  asymmetric 
thermal  stress  might  happen  between  the 
upper  and  lower  walls,  and  slagging  also 
might  occur  in  the  overheated  upper  wall 
near  the  large  recirculation  zone  with  high 
temperature  when  burning  some  sorts  of 
pulverized  coal  with  low  ash  fusing  point. 

In  order  to  overcome  the  drawbacks  as 
pointed  out  above  and  provide  more  intense 
combustion,  lower  NOx  emissions  and  no 
slagging  in  the  wall,  the  bi-flat  jets 
configuration  is  proposed  as  a  new  type  of 
combustor  using  reasonable  aerodynamics 
principle.  The  combustor  is  a  rectangular 
channel  chamber  with,  through  which  the  two 

flat  inlet  jets  at  the  up  end,  mixture  of  air  and 
fuel  is  injected.  The  aerothermodynamics 
mechanism  of  the  combustion  was  studied, 
including  velocity  and  temperature 
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measurements  using  LDV  and 
thermocouples,  respectively  in  the  model 
combustor. 

The  following  sections  present  and  discuss 
the  most  significative  results  obtained  in  the 
studies. 

Two  flat  jets  veered  to  upper  and  lower 
walls,  respectively.  The  deflected  forward  jets 
attached  to  the  walls  at  the  ahead  and  middle 
sections  of  the  combustor.  The  higher 
velocity  flow  layers  were  near  the  walls.  At  the 
rear  the  flows  came  back  to  the  center  region. 
Axial  mean  velocity,  U,  is  a  double-peak 
distribution  on  the  vertical  plane  in  the 
combustor.  One  of  most  significative 
features  is  the  existence  of  a  large  central 
recirculation  zone.  Due  to  two  flat  jets 
entrance  from  boundaries  of  the 
recirculation,  therefore  reversed  flow 
intensity  increased  when  compared  with  a 
single  flat  jet. 

The  axial  turbulent  velocity,  u',  also  is  a 
double-peak  distribution,  and  peak  values 
occur  at  the  locations  of  the  zero  mean 
velocity  between  forward  and  reversed  flows. 
The  velocity  fluctuations  are  higher  using  bi¬ 
flat  jets  than  a  single  in  the  combustor. 

The  secondary  flow  is  small.  This  benefits 
to  increase  axial  momentum  and  length  of 
the  flame  from  combustor. 

Studies  indicated  that  the  axial 
nondimensional  mean  velocity  distribution, 
local  velocity  over  enter  velocity,  U/Uin,  also 
is  self-simulative  as  similar  as  that  in  single 
flat  jet  combustor. 

The  temperature  distribution  indicated  that 
it  is  higher  in  central  recirculation  zone  than 
upper  and  lower.  While  burning  pulverized 
coal,  the  particles  will  not  follow  the  air  flow 
but  will  largely  enter  the  high  temperature 
recirculation  zone,  therefore  combustion  is 
intensed  significantly.  Because  high 
temperature  zone  is  away  from  walls  but  high 
velocity  layers  are  near  one,  therefore  ash 
and  slagging  were  not  obsenred  at  the  walls. 
Low  NOx  emission  is  another  significative 
feature  since  there  were  rich-fuel  combustion 
in  ahead  of  the  combustor  and  staged- 
con^ustion  as  second  air  entered. 
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Of  great  Interest  is  the  problem  of  modelling 
of  physical  processes  in  pulse  combustion 
chambers  because  pulse  Jet  engines  look  out 
very  attractive  as  one  of  prospective 
propulsion  systems  for  high  speed  flying 
vehicles.  A  thermodynamics  modeling  of  Internal 
combustion  Installations  Is  used  as  a 
"zero-approach"  In  order  to  discover  their  main 
features  which  do  not  require  detailed 
processes  consideration  and  to  evaluate  general 
efficiency  of  those  Installations.  In  present 
paper  the  set  of  obvious  thermodynamic 
relations  Is  closed  by  additional  thermodynamic 
hypothesis.  The  solution  allowes  to  connect  all 
cycle  parameters  on  each  stage  of  operation 
cycle. 

Let  chamber  with  one  open  end  Is  filled 
with  combustible  mixture  at  temperature  T^. 

Initial  pressure  In  chamber  Is  given  to  be 
equal  to  ambient  and  denoted  as  p^.  Ambient 

temperature  Is  equal  to  T^  (see  figs.  1  and  2). 

At  definite  Instant  of  time  a  fast  explosive 
burning  occurs  In  chamber  at  constant  volume. 
Pressure  and  temperature  within  burned  region 
become  equal  to  p  and  T  respectively. 

max  max 

Then  very  sharp,  explosive  expansion  of  burned 
gas  will  take  place,  the  final  pressure  being 
established  less  than  ambient  one:  p  <  p  .  It 

min  *^0 

provides  the  Inflow  of  fresh  gas  with 
parameters  (p^,  T^)  on  the  next  stage  of  cycle. 

If  we  accept  that  after  expansion  the  mass  of 
gas  remaining  In  the  chamber  Is  equal  to 

gM  then  the  mass  of  inflowing  gas  must  be 

tot4  t 

equal  to  (l-g)H  and  temperature  T  must 

total  I 

establish  in  the  chamber  after  mixing.  In  such 
case  cycle  of  operation  would  be  closed  and 
system  may  be  realized  In  principle. 

The  main  question  Is  how  to  define  minimal 
cycle  parameters  p  and  T  7  We  suggested 

IN  1  o  M I  a 

that  the  work  of  burned  products  over  ambient 
medium  during  expansion  process  Is  equal 
exactly  to  the  one  of  ambient  medium  over 
products  remaining  In  chamber  during  backflow 
of  fresh  gas.  The  Initial  statement  (p^,  T^)  Is 

defined  by  mixing  of  burned  products  gM  at 

io(#l 

T  with  fresh  gas  (l-g)H,  .  ,  at  T^fsee  flg.2). 

2  iotftl  0 

We  also  accept  the  processes  of  expansion  and 
backflow  compression  to  be  adiabatic.  Hence  we 


obtained  the  following  set  of  relations  (In 
dimensionless  form): 


(1  -  g)  +  gSj  =  Rj 


(1) 


equation  of  mixing  at  p 


const; 


(2) 


adiabatic  expansion  from  p  to  p  ; 

max  0 


(3) 


-  definition  of  parameter  9; 
n  =  9  (4) 

max 


-  relation  for  heating  at  constant  volume; 


e 

-mli> 

0 

1 


n 

“min 

g 


(5) 


-  this  relation  follows  from  the  fact  that 
volume  does  not  change  during  the  whole 

process; 

0,  -  0  .  =  (1  -  g)(jr  -  1)9.  (6) 

Z  ml  n  1 


-  mathematical  formulation  of  our  additional 
hypothesis; 


0  m  . 

-min  *  W  (7) 

0  """ 

2 


adiabatic  expansion  from  p  to  p 

^0  %ln 


where 
ir  * 

max 


T  /T  ; 

I  0 


P  ^P  : 

■^niax  *^0 


9  X  T  /T  ;  9  X 

Z  Z  0  max 

p  /p  ;  9  X 

min  *^0 


T  /T  ; 

max  0 

T  /T  : 

max  1 


mx(jr-l  )/jr. 

We  obtain  7  equations  for  7  variables  and  1 
parameter.  It  Is  more  convenient  for  further 
experiment  to  choose  9  -  T^^/T^  as  parameter. 

In  such  case  all  remain  values  are  functions  of 
0.  Some  results  of  solution  are  given  in 
Table  1. 

This  model  allowed  also  to  evaluate  the 
region  of  stable  operation  of  model  and  main 
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reason  of  possible  Instabilities  In  Its 
operation. 

On  the  second  step  of  our  theoretical 
studies  we  replace  thermodynamic  hipothesls  (6) 
by  more  detailed  gasdynamlcs  consideration  of 
wave  processes  In  gas  during  outflow  and 
Inflow.  This  one  makes  possible  to  include 
factor  of  Inner  geometry  of  chamber.  These  two 
models  showed  good  correlation  In  the  case  of 
simple  geometry  of  short  tube  with  end. 
- 1 

P  .  Ti,  Vo  p^,  To 

^0  o 

- - - -I 

Fig.  1.  Model  chamber  at  Initial  Instant  of 
time. 


p  =  const 

•  ax 

T  / 

Max 


Fig, 2.  TS-dlagram  of  thermodynamic  cycle  to  be 
considered. 
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max 

0 

ffi  1  n 
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n 

m  1  n 

n 

max 

it 

1.5 

1. 56 

2.  09 

2.  35 

1  79 

0.51 

0.  58 

1 . 5 

1.04 

2 

1.85 

3.  03 

3.70 

2.60 

0.  42 

0.  52. 

2 

1.295 

2.  5 

2.  14 

4  11 

5  35 

3  58 

0.  37 

0.  61 

2.5 

1. 555 

3 

2.45 

5.  36 

7,  35 

4.7 

0.  33 

0.  63 

3 

1,815 

Table  1.  Some  results  of  cycle  calculations. 
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INTRODUCTION 

Flame  stability  in  industrial  burners  or  gas  turbine 
combustors  is  usually  achieved  by  recirculation  generated  by 
swirlers  or  bluff-bodies  downstream  of  the  nozzle  (Oien  et 
al.  1990).  In  liquid-fuel  burners  spray  nozzles  are  used  to 
atomise  the  fuel  in  a  wide  range  of  droplet  diameters,  which 
have  different  aerodynamic  and  combusting  characteristics, 
and  the  flame  is  stabilised  by  similar  arrangements. 

Knowledge  of  the  behavior  of  fuel  droplets  in  flames 
can  be  important  for  the  improvement  of  stability  and 
combustion  efficiency.  Earlier  studies  of  liquid  fuel  flames 
included  photographic  studies  (McCreath  and  Chigier.  1973) 
and  laser  Doppler  studies  (El  Banhawy  and  Whitelaw,  1981) 
but  without  detailed  information  of  droplet  sizes.  Recently, 
instantaneous  velocity  and  size  measurements  of  fuel 
droplets  have  been  obtained  in  non-swirling  flames 
(Kawazoe  et  al.  1990;  McDonell  and  Samuelsen.  1988)  or  in 
swirling  flames  (Hardalupas  et  al.  1990;  Milosavijevic. 
1991)  and  the  results  show  that  the  inertia  and  the  burning 
lime  of  different  droplet  sizes  affects  the  combustion 
efficiency.  Water  sprays  al  the  exit  of  annular  air  flow 
streams  h.id  been  examined  by  Li  and  Tankin  (1989)  who 
showed  that  there  is  a  strong  influence  of  the  air  flowrate  on 
the  spray  behavior. 

The  present  work  examines  the  fuel  droplet 
characteristics  of  two  non-swirling  flames  stabilised  by  b'uff 
bodies  in  burner  geometries  with  and  without  a  quarl  and 
measured  by  phase-Doppler  velocimeter.  The  following 
sections  provide  a  brief  description  of  the  geometry  of  the 
burner,  the  flow  conditions  and  experimental  techniques. 
Results  in  combusting  flow  are  presented  and  discussed  in 
the  third  section,  and  the  summary  of  the  more  important 
findings  is  given  in  the  final  section. 

I  I.OW  CONDITIONS  AND  INSTRUMENTATION 

Figure  I  shows  the  geometry  and  dimensions  of  the 
kerosene-fuelled  burner.  A  constant  air  mass  flow  rate  of 
3.33x  I0'2  kg/s  was  supplied  to  the  burner  through  an 
upstream  annular  tube  with  inner  and  outer  diameters  of  18 
and  50.8  mm.  respectively.  A  43.8  mm  diameter  fiat  disk 
with  blockage  ratio  of  0.74  was  positioned  normal  to  the 
flow  at  the  exit  of  the  annulus  and  generated  a  recirculation 
zone  essential  for  flame  stabilization.  The  area  averaged  air 
velocity  was  Ui=l5.4  nVs  in  the  annulus  up.stream  of  the 
disc  and  SI  m/s  in  the  annulus  at  the  exit  of  the  disk, 
resulting  in  Reynolds  numbers  of  5.37x10*  and  1.77x10^, 
respectively,  based  on  the  outer  diameter  of  the  annulus.  A 
quarl  of  50.8  mm  length  and  .50'  divergence  angle  was 
positioned  at  the  end  of  the  annulus.  Kerosene,  with  density 
800  kg  m'3  and  kinematic  viscosity  1.3x10-3  m  s'*,  was 
supplied  by  a  pump  to  an  axial  spray  nozzle  (Delavan  Type 
SN  30(i09-7)  at  a  constant  flow  rate  of  6x11)-*  kg  s-l  and 


Fig.  I  Dimensions  of  the  kerosene  burner. 

atomised  by  an  air  flowrate  of  6.53x10-*  kg  s-’  to  produce  .i 
30’  solid  cone  spray.  The  equivalence  ratio  based  on  the 
atomising  air  only  was  13.6  and  0.26  for  the  total  air  flow. 
Quartz  windows  on  the  transmitting  and  receiving  sides  of 
the  quarl  provided  optical  access  to  the  flow  inside  the  quarl. 

Velocity  and  size  information  of  the  fuel  droplets  was 
obtained  by  a  phase-Doppler  anemometer  described  by 
Hardalupas  (1989).  The  characteristics  of  the  transmitting 
and  receiving  optics  are  summarised  in  Table.  Measurement 
of  volume  flux  of  liquid  fuel  droplets  can  also  be  made  by 
phase-Doppler  velocimeter  as  a  function  of  droplet  sizes  as 
has  been  shown  by  Bachalo  el  al  (1988)  and  Haidalupas  and 
Taylor  (1989).  and  was  used  to  quantify  the  combur  .on 
efficiency.  The  mean  diameter  measurements  were  based  on 
70()0  measurements  resulting  in  statistical  uncertainties  of 
less  than  2%.  The  accuracy  of  the  sizing  measurement  was 
less  than  2  pm  for  droplets  larger  than  20  pm.  The  mean 
velocity  is  presented  for  two  size  ranges  of  5-10  and  45-.50 
pm,  which  will  be  referred  to  as  10  and  50  pm,  with 
uncenainties  of  less  than  1%  based  on  the  average  sample 
size  of  1000  for  each  5  pm  size  class. 

RESULTS  AND  DISCUSSION 

The  shaded  pan  of  Figure  2  shows  the  overall 
equivalence  ratios  for  Reynolds  numbers  based  on  the  area 
averaged  velocity  upstream  of  the  disc  and  the  disc  diameter, 
where  the  flame  is  stable  with  and  without  the  quarl.  The 
presence  of  the  quarl  improved  the  rich  limit  of  the  flame  by 
more  than  three  times  than  that  without  quarl  and  the  flame 
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could  not  be  extinguished.  However,  the  presence  of  the 
(piarl  reduced  the  lean  stability  limits  of  the  flame  by  up  to 
four  times  than  that  without  quart.  The  stability  limits  of  the 
flame  were  affected  by  the  dispersion  of  different  sizes  of 
fuel  droplets,  resulting  in  local  equivalence  ratios  inside  the 
recirculation  zone  much  different  than  the  overall  equivalence 
ratio. 

In  an  effort  to  explain  the  stability  limits  of  the 
flames,  local  information  of  velocity  and  size  were  obtained 
with  the  phase- Doppler  velocimeter.  The  area-averaged  air 
velocity  in  the  annulus  upstream  of  the  disc,  Ua,  was  used  to 
normalize  the  measured  velocity  values  and  the  outer  radius 
of  the  annulus.  R.  Figure  3  shows  the  radial  variation  of  the 
axial  mean  velocity  of  the  10  and  50  pm  droplets  at  an  axial 
distance  from  the  nozzle  of  z/R=0.8.  It  is  expected  that  the 
10  pm  droplets  will  follow  the  mean  flow  of  the  continuous 
phase,  since  their  mean  Stokes  number,  Stm,  is  4,  while  .50 
pm  droplets  will  not  follow  the  mean  flow  for  their  mean 
Stokes  number  of  0. 16.  The  mean  Stokes  number  is  defined 
as 


-Sltn  =  1 

where  Tf  is  the  charttcteristic  mean  timescale  of  the  flow 
( Ims),  taken  here  as  the  ratio  of  the  outer  diameter  of  the 
annulus  (.50.8  mm)  to  the  tip  velocity  at  the  exit  of  the  disk 
(51  m/s)  and  T  is  the  relaxation  time  of  the  droplets  which  is 
0.25  and  6.2  ms  for  10  and  50  pm  droplets,  respectively. 
The  behavior  of  the  10  pm  droplets  in  the  flame  suggests  a 
recirculation  zone  divid^  by  the  central  spray.  The  location 
iif  maximum  negative  mean  axial  velocity  was  around  r/R= 
0.7  in  the  flame  without  the  quarl,  and  with  the  quari  was 
close  to  the  wall,  r/R=l.0.  so  that  the  flame  was  wider  and 
filled  the  quarl.  This  observation  suggests  that  the  flowrate 
of  air  entrained  inside  the  recirculation  zone  was  larger  with 
the  quarl  resulting  in  lower  local  equivalence  ratio  and  this 
explains  why  the  lean  stability  limits  of  Figure  2  were 
reduced  for  the  quarl  flame  and  emphasises  the  importance 
of  local  fuel  droplet  characteristics  in  the  flame.  In  the 
central  region,  the  mean  axial  velocity  of  the  10  pm  droplets 
was  always  positive,  since  the  initial  10  pm  droplets 
produced  by  the  spray  burned  quickly  (-0.1  ms)  and  were 
replaced  by  larger  droplets  after  evaporation.  Tlie  .50  pm 
droplets  shared  the  same  tendency  but  to  a  lesser  extent, 
since  their  residence  time  in  the  recirculating  region  of  the 
flame  was  around  6ms  and  2ms  with  and  without  quarl, 
respectively,  and  their  burning  lime  was  around  2.Sms.  The 
behavior  of  the  .50  pm  droplets  in  both  flames  wax  similar, 
apart  from  the  region  close  to  the  wall  where  their  velocity 
was  higher  without  the  quarl  due  to  unburned  fuel  droplets 
disper^  enttside  the  flame  zone  and  carried  by  the  outer 
shear  layer. 

The  Sauter  mean  diameter  was  25%  larger  with  the 
tpiarl.  Figure  4,  which  suggests  fewer  droplets  of  diameter 
less  than  20  pm.  That  the  smaller  droplets  burned  faster 
with  the  quarl,  implies  higher  local  temperatures  and  this 
explains  the  high  axial  velocity  of  the  10  pm  droplets  at  the 
cemie  in  the  flame.  Figure  3,  since  the  residence  lime  of  up 
to  50  pm  droplets  wax  similar  to  the  burning  lime  and  low 
velocity  droplets  had  more  chance  to  bum. 


Fig.  2  Stability  limit  of  kerosene  flames  stabilized 
by  a  flat  disk. 

(  o  ,  without  quarl;  •  ,  with  quarl) 
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Fig.  3  Radial  mean  veloi:ily  profiles  of  the  fuel 
droplets  at  z/R  =  0.8. 
i  — -  .  lOpm  droplet  wiihoiil  quarl: 
— t—  .  .50  pm  droplet  without  quarl; 
o  .10  pm  droplet  with  quarl; 
a  ,.50  pm  droplet  with  quarl) 


Fig.  4  Sauter  mean  diameter  of  fuel  droplets  on  the 
centreline. 

( — ,  without  quarl;  O  .  with  quarl) 

Combustion  with  the  quarl  was  more  intense  with  the 
flame  filling  the  full  volume  of  the  quarl  an  1  extending  to 
z(R=4.7.  The  flame  without  quarl  was  weaker  with  the 
major  combustion  zone  downstream  and  at  the  outer  radii  of 
the  disc  and  so  that  many  unbumed  fuel  droplets  e.scaped 
downstream.  The  combustion  efficiency  can  be  (quantified 
from  the  amount  of  unbumed  fuel  droplets  remaining  in  the 
flame,  provided  that  the  fuel  vapour  is  all  burned.  Figure  5 
shows  the  total  volume  flowrate  of  fuel  droplets  normalized 
by  the  sup^ied  fuel  flowrate  passing  throuph  the  radial 
planes  at  tlifferent  axial  locations,  obtained  by  integration  of 
the  radial  profiles  of  the  measured  fuel  droplet  flux.  In  the 
flame  without  quarl,  the  liquid  fuel  flowrate  In  the  flame 
zone  (z/R=0.4  to  1 .2)  remained  nearly  constant  and  was  less 
at  z/R>»2.4.  In  the  flame  with  the  quart,  the  fuel  flowrate 


decreased  monotonically  by  90%  at  the  exit  of  the  quarl 
(z/R=2.4)  and  the  measured  fuel  flowrate  was  50%  lower 
than  that  supplied  by  the  nozzle  due  to  the  dense  spray  and 
attenuation  of  the  incident  laser  beams  with  reduced  data 
rate.  However,  the  results  can  still  quantify  the  combustion 
efficiency  of  each  burner  at  the  last  measur^  location  (z/R= 
2.4)  which  was  found  88%  with  quarl  and  36%  without 
quarl. 


Fig.  5  Fuel  droplet  flow  rale  at  different  radial 
planes  along  the  axis  of  the  burner. 

(  o  ,  without  quarl;  ■  .  with  quarl) 


CONCLUDING  REMARKS 

Flame  stability  and  fuel  droplet  characteristics  have 
been  measured  by  phase-Doppler  velocimeler  in  a  kero.sene 
non-swirling  flame  stabilized  by  a  flat  disc  bluff-body  with 
and  without  a  quarl.  In  the  flame  without  the  quarl,  fuel 
droplets  moved  faster  in  the  flame  zone,  the  recirculation 
zone  was  smaller  and  the  resulting  combustion  was  weaker 
and  incomplete,  since  the  residence  time  of  the  droplets  was 
small  relative  to  their  evaporation  time.  The  flame  with  the 
(|uarl  had  a  combitstion  efficiency  of  0.88,  rather  than  ()..36, 
and  the  rich  stability  limits  were  extended  due  to  the  larger 
recirculation  zone. 
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